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Introduction 


I  am  very  pleased  to  write  this  introduction  to  our  collected  papers  from  the  Ocean 
Optics  XII  conference.  As  one  can  see  from  the  large  number  of  high-quality  papers, 
the  meeting  was  a  great  success.  First,  I  want  to  thank  Steven  C.  Ackleson,  Roland 
Dorffer,  Niels  K.  Hojerslev,  Robert  A.  Maffione,  and  J.  Ronald  V.  Zanefeld  for 
contributing  their  efforts  in  leading  sessions.  As  can  be  seen  from  this  large  volume  and 
the  various  subject  areas  that  have  been  addressed  here,  ocean  optics  is  certainly  a 
vibrant  area. 

Special  sessions  were  held  on  instrumentation,  basic  physics,  remote  sensing  for 
biology  and  geology,  laser  techniques,  and  the  propagation  of  light  in  sea  ice.  The 
conference  was  held  at  the  Bergen  High-Technology  Centre,  a  state-of-the-art  facility, 
where  the  approximately  100  scientists  and  engineers  spent  three  days.  I  believe  that 
the  meeting  was  noteworthy  in  many  aspects.  As  can  be  seen  from  the  proceedings,  we 
had  a  truly  international  meeting.  This  accomplished  one  of  the  major  goals  that  led 
to  having  the  meeting  in  Europe  and  resulted  in  the  attendance  of  many  European 
scientists  as  well  as  scientists  from  former  Eastern  Bloc  countries  including  the  Soviet 
Union.  I  believe  that  this  meeting  was  noteworthy  in  that  this  "thaw"  in  the  cold  war 
was  extended  to  our  ocean  optics  community  in  a  very  productive  way.  it  was  indeed 
my  personal  pleasure,  and  I'm  sure  that  this  enjoyment  extended  to  all  at  the  meeting, 
to  learn  about  the  activities  of  many  of  our  international  colleagues.  In  this  sense. 
Ocean  Optics  XII,  the  first  ocean  optics  meeting  held  in  Europe,  was  truly  successful. 

One  of  the  most  delightful  events  of  the  meeting  was  the  banquet  on  the  first  evening 
at  which  we  were  treated  to  a  very  entertaining  lecture  by  Niels  Hojerslev  on  the 
history  of  ocean  optics.  Another  significant  event  of  the  meeting  was  the  student  paper 
competition.  Andrew  Palowitch  of  the  Scripps  Institution  of  Oceanography/Univ.  of 
California/San  Diego  was  the  winner  of  the  competition  that  included  many  excellent 
presentations. 

As  Ocean  Optics  moves  forward  toward  the  end  of  the  century,  I  am  hopeful  that  the 
degree  of  activity  in  the  field  will  both  continue  and  increase.  Certainly  the  capability 
of  collecting  nearly  quantum-limited  multispectral  data  in  concert  with  our  increased 
awareness  of  the  change  in  the  world  ecosystem,  which  has  been  influenced  by  man, 
will  continue  to  encourage  the  utilization  of  optical  techniques.  After  all,  most  of  the 
surface  of  the  earth  is  covered  by  the  oceans,  and  photons  power  the  whole  thing! 

Finally,  I  want  to  extend  my  great  thanks  to  SPIE  for  making  this  conference  a  success 
and  to  my  peers  for  providing  me  with  the  opportunity  to  create  a  forum  for  the 
exchange  of  information  on  a  topic  that  I  consider  important,  interdisciplinary,  and  on 
the  cutting  edge  of  modern  environmental  science:  ocean  optics. 


Jules  S.  Jaffe 
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SESSION  1 


instrumentation  I 


Inherent  optical  property  estimation  in  ocean  water  using  the  Zaneveld- Wells  algorithm 

Lydia  J.  Holl  and  N.J.  McCormick 

Department  of  Mechanical  Engineering 
University  of  Washington,  Seattle,  WA  98195 

ABSTRACT 

The  Zaneveld- Wells  technique  for  determining  the  inherent  optical  properties  of  ocean  water  is  based  on 
calculating  the  angle- integrated  moments  of  the  radiant  light  field  at  various  depths  by  an  inversion 
algorithm  based  on  the  radiative  transfer  equation.  The  hypothesis  is  that  N+1  sensors  can  be  used  to  obtain 
N  "inherent  optical  expansion  coefficients",  A„,  from  which  the  single  scattering  albedo  and  N-1  expansion 
coefficients  of  the  volume  scattering  function  can  be  calculated.  We  have  evaluated  the  performance  and 
limitations  of  the  proposed  algorithm. 

An  error  analysis  has  shown  that  the  algorithm  will  be  most  sensitive  to  the  condition  of  the  response 
matrix  and  the  error  in  the  spatial  derivatives  of  the  moments  of  the  radiant  field.  For  the  Doss-Wells 
instrument,  the  algorithm  is  stable  and  well-conditioned,  but  very  sensitive  to  error  in  the  spatial  derivatives. 
The  vertical  spacing  of  measurements  in  optically  dense  waters  necessary  to  minimize  the  error  associated 
with  the  spatial  derivative  is  prohibitively  small.  Results  from  numerical  testing  indicate  that  this  technique 
is  a  promising  way  to  estimate  optical  properties  of  some  ocean  waters,  but  attempts  to  estimate  too  many 
expansion  coefficients  give  spurious  results  for  the  higher-order  coefficients  in  other  cases. 
Recommendations  are  given  for  improving  the  implementation  of  the  algorithm. 


1.  INTRODUCTION 

Zaneveld^  and  Wells^  proposed  an  algorithm  and  an  instrument  for  determining  the  inherent  optical 
properties  of  ocean  water  using  directionally-integrated  angular  moments  of  the  ambient  light  field  measured 
at  varying  depths.  Doss  and  Wells^’'*  have  presented  a  further  description  of  the  experimental  technique 
along  with  preliminary  results  from  data  collected  with  the  special  radiometer  they  built  for  such 
measurements. 

The  algorithm  was  devised  to  estimate  the  coefficients  A„  \n  the  Legendre  polynomial  expansion  of  the 
volume  scattering  function  defined  by 

P(^)  =  '^^(^-^n)Pn(ri)  ,  (0 

n=0 


where  T)  is  the  cosine  of  the  scattering  angle.  With  this  notation  A^  would  equal  the  total  attenuation 
coefficient,  c,  and  Aq  equals  the  absorption  coefficient,  a  =  c-6,  where  b  is  the  scattering  coefficient.  The 
coefficients  can  be  related  to  the  more-traditional  expansion  of  the  scattering  phase  function  in  terms  of 
the  coefficients  f„  =  (c-A„)/b,  where  fg  =  1  and/,  0  as  w  ->  «><». 
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In  principle  the  entire  set  of  standard  attenuation  coefficients  could  be  extracted  from  a  complete  set  of 
coefficients.  The  basic  hypothesis  of  the  Zaneveld- Wells  algorithm**^  is  that  N  inherent  optical  expansion 
coefficients  can  be  obtained  from  measurements  with  N+1  sensors.  These  sensors  must  measure  integrated 
moments  of  the  radiant  light  field  at  various  depths.  The  integrated  moments  and  derivatives  of  these 
moments,  obtained  from  measurements  at  adjacent  depths,  are  used  to  calculate  the  inherent  optical 
expansion  coefficients  A„  from  an  algorithm  based  on  the  radiative  transfer  equation. 

The  algorithm  is  discussed  in  section  2  and  the  models  for  the  waters  used  to  test  the  algorithm  are  given  in 
section  3.  The  numerical  methods  used  to  test  the  algorithm  are  presented  in  section  4,  with  the  results  of 
the  tests  given  in  section  S.  Conclusions  and  recommendations  for  improvements  in  the  algorithm  and 
instrument  are  discussed  in  section  6. 

2.  THE  ZANEVELD-WELLS  ALGORITHM 


The  algorithm  is  developed  from  the  radiative  transfer  equation  for  a  homogeneous,  isotropic,  plane-parallel 
medium  for  which  the  radiation  is  azimuthally-independent  (or  averaged), 

I 

^l■^L(fi,z)  +  cL(^l,z)  =  -^lj)L(ti\z)dn'  ,  (2) 

-1 


where  I()i,z)  is  the  azimuthally-averaged  radiance,  p.  is  the  cosine  of  the  zenith  angle,  z  is  the  depth,  c  is  the 
total  attenuation  coefficient,  and  internal  sources  have  been  neglected.  After  multiplying  Eq.  (2)  by  Pn(lt). 
using  the  spherical  harmonics  addition  theorem  and  the  recursion  relation  for  Legendre  polynomials,  and 
integrating  the  result  over  the  range  -1  ^  p  <  1,  Zaneveld*  obtained  the  algorithm 


(n  +  l)l^+i(z)  +  n£^_i(z) 
(2n  +  \)L„(z) 


n  =  0,1,2,...,  (3) 


where  L'  denotes  the  derivative  of  L  with  respect  to  depdi  and  the  angle-integrated  radiance  moments  are 

1 

Z.^,(z)  =  j£.(p.z)P„{p)dp.  \  (4) 

-I 

To  implement  the  algorithm,  Wells^  recognized  that  a  set  of  sensors  could  be  designed  to  measure  a 
different  set  of  moments, 

\j[z)  =  ^l(ti,z)Rj(n)dti  ,  (5) 

where  /?y(p)  is  the  angular  response  function  of  the  yth  sensor,  y  =  \  \o  N+1.  If  the  radiance  is  expanded  in 
terms  of  spherical  harmonics  as 
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then  the  measured  data  can  be  expressed  as  a  truncated  series  of  the  form 

N 

+ •X’y(z|  ,  (7) 

n=0 

where  the  response  matrix  elements  Rj„  are  defined  to  be 

1 

Rjn^^jlij(t^)Pn(tl)dH  ,  (8) 

-I 

and  where  the  truncation  error  term,  Xj(z),  is  defined  by 

oe 

n=^+l 

The  inversion  in  this  algorithm  consists  of  calculating  the  moments  of  the  radiance  from  die  data  and  then 
using  those  moments  in  equation  (3).  The  inversion  of  equation  (7)  for  N+I  sensors  is 

AT+l  . 

j=l 

The  response  functions  for  the  sensors  on  the  Doss- Wells  instrument  were  optimized  for  use  with  this 
algorithm.  For  their  instrument,  the  response  function  for  the /th  detector  was  selected  to  be 

.  (11) 

0  otherwise 


where  py  is  the ydi  root  of  the  Legendre  polynomial  of  order  N+1.  Equation  (11)  is  Lagrange's  formula  for 
polynomial  interpolation^  truncated  at  adjacent  roots.  The  truncation  implied  in  Eq.  (11)  is  necessary 
because  the  response  function  for  any  real  instrument  must  be  nonnegative  everywhere. 

A  sensitivity  analysis  of  the  coefficients  computed  from  Eq.  (3)  yields,  to  first  order. 
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Therefore  the  relative  error  8A„/A„  in  the  calculated  inherent  properties  is  proportional  to  the  relative 
error  in  the  moments  of  the  radiance,  L„  ,  and  the  errors  in  the  derivatives  of  L„.  The  errors  in  the 
derivatives  result  from  not  knowing  the  value  of  L„  precisely  and  from  approximating  the  spatial 
derivatives  with  a  finite-difference  scheme.  Doss  and  Wells  used  a  first-order  backward  difference  scheme  in 
their  analyses. 


3.  MODELS  FOR  NUMERICAL  TESTING 

To  test  the  algorithm  numerically,  analyses  were  performed  on  a  variety  of  radiant  light  fields.  For  the 
cases  studied  here,  the  properties  of  the  medium  (fi,  c,fn)  are  assumed  to  be  known  with  good  accuracy  so 
that  the  errors  inherent  in  only  the  inversion  algorithm  can  be  assessed  under  the  best-possible  conditions. 

In  the  test  cases  presented  here,  for  both  convenience  and  generality,  the  problem  is  non-dimensionalized  by 
the  use  of  T  =  cz,  the  optical  depth,  instead  of  z.  Thus,  in  the  non-dimensionalized  form. 


=  1  -wofn  .  (13) 

where  wq  is  the  albedo  of  single  scattering,  defined  as  b/c.  The  non-dimensionalized  form  is  not  dependent 
on  the  total  attenuation  coefficient,  which  would  have  to  be  either  estimated  from  A«  or  measured 
separately  but  an  error  in  the  estimation  of  wq,  as  obtained  from  the  calculation  of  Aq,  will  propagate 
through  all  the  f„  coefficients. 

Of  the  different  models  for  the  optical  properties  of  ocean  water,  pure  water  is  the  simplest.  The  expansion 
coefficients  for  the  volume  scattering  fiinction  of  pure  water^  are  given  hy/o=  \yf2-  0.1504,  and/,  =  0  for 
all  other  n.  Over  the  wavelengths  of  interest  to  most  oceanographers  (400-700  nm)  the  albedo  of  single 
scattering  is  less  than  0.3.  The  total  attenuation  coefficient  and  albedo  of  single  scattering  for  pure  water 
were  calculated  by  Smith  and  Baker.^ 

A  more  realistic  model  for  ocean  water  is  pure  water  with  chlorophyll  added.  Chlorophyll  provides 
additional  scattering  and  absorption  centers  for  radiation.  The  model  for  the  absorption  and  scattering 
properties  of  the  chlorophyll-pure  water  mixtures  that  are  used  for  these  tests  have  also  been  used  by 
Mobley  et.  al.^  and  others.^  The  absorption  coefficients  for  the  model  waters  is  calculated  using  the  model 
proposed  by  Prieur  and  Sathyendranath.*^  Their  model  is  an  empirical  correlation  from  data  for  many 
different  water  types  from  seven  different  cruises.  Neglecting  absorption  effects  of  gelbstoff  and 
nonchlorophyllous  particles,  the  Prieur-Sathyendranath  absorption  model  applied  to  a  mixture  of  pure  water 
and  chlorophyll  can  be  written  as 


amix(^)  =  <‘water(^)  +  0.06C  ;  ,  (14) 

'  '  '  '  ac[440nmj 

for  a  chlorophyll  concentration  C  in  mg/m^.  The  ratio  Oc(A.)/ac(440nm)  has  been  tabulated  by  Prieur  and 
Sathyendranath.  Similarly,  the  scattering  coefficients  for  chlorophyll  particles  were  calculated  using  a  model 
developed  by  Morel.*  The  model  can  be  written  as 
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(15) 


where  6c(550)  is  taken  to  be  its  average  value  of  0.3  m**  for  the  low  chlorophyll  concentrations  to  be 
studied  here. 


The  Delta-Eddington  approximation  is  applied  to  the  expansion  coefficients  of  the  volume  scattering 
function  when  simulating  the  radiance  distribution.  In  the  Delta-Eddington  approximation  the  volume 
scattering  function  is  written  as  a  combination  of  a  dirac-delta  function  in  the  forwardmost  direction  and  a 
smoothly  varying  function  that  requires  fewer  expansion  coefficients  to  describe  it  (than  the  original 
function).  A  cut-off  angle  can  be  chosen  to  specify  how  much  of  the  forward  peak  is  included  in  dirac-delta 
function.  Table  1  lists  the  values  of  the  cut-off  angle  and  fraction  of  scattering  allocated  to  the 
forwardmost  direction  for  the  waters  considered  here. 

For  testing  the  algorithm  with  numerical  data,  two  wavelengths  (470  and  S70nm)  and  three  chlorophyll 
concentrations  (0.0,  0.1,  1.0  mg/m^)  are  considered,  giving  a  total  of  six  combinations  of  wavelengths- 
optical  properties.  These  six  combinations  are  evaluated  at  four  optical  depths  and  for  two  increments  in 
depth  for  calculating  the  spatial  derivatives,  either  I  m  or  2m  spacing.  The  optical  depths  are  selected  to 
represent  different  regimes  of  the  radiant  field:  near-surface  (O.S  optical  depths),  mid-water  (2.0  optical 
depths),  deep  (10  optical  depths),  and  asymptotically  deep  (true  for  these  test  cases  at  20  optical  depths). 
Table  I  contains  the  optical  properties  used  to  generate  the  simulated  data  for  the  test  cases. 


Table  1 :  Theoretica 

optical  properties  for  numerical  tests 

Description 

c  (m*>] 

wo 

Cutoff 
Angle  (deg) 

Forward 

fraction 

HI 

470nm,  Pure 

0.0193 

0.1917 

NA 

NA 

2 

470nm,  rchll=0.1 

0.1166 

0.7542 

2.5119 

msBm 

85 

470nm,  rchn=1.0 

0.4226 

0.8395 

1.9953 

0.1987 

90 

570nm,  Pure 

0.0816 

0.0208 

NA 

NA 

2 

570  nm,  rchll=0.1 

0.1552 

0.4584 

1.9953 

0.1448 

90 

570  nm,  rchll=1.0 

0.3876 

0.7512 

2.5119 

0.2099 

80 

4.  NUMERICAL  METHODS 

To  obtain  simulated  data  the  radiative  transfer  equation  was  solved  to  obtain  the  radiance  as  a  function  of 
depth.  For  these  tests  the  code  package  ONEDANT  (QNE-dimensional.  Diffusion-Accelerated,  Heutral- 
Particle  Xransport)  using  the  Discrete  Ordinates  (S^)  method  was  employed.  ONEDANT^  ^  has  been  in  use 
for  decades  by  researchers  working  with  neutron  transport  theory  but  is  rarely  used  for  ocean  optics  work. 
An  S200  scheme  was  used,  hence  the  continuum  of  zenith  angles  was  approximated  widi  200  discrete  angular 
directions,  |X;t  for  =  1  to  200.  The  discrete  directions  and  corresponding  weights  were  determined  widi  a 
Gauss-Legendre  quadrature  routine  from  P200  ((Ia)  =  0  and  are  symmetric  about  p.  =  0.  It  should  be  emphasized 
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that  the  simulated  radiances  were  computed  for  ideali^d  detectors  —  no  statistically-generated  noise  has 
been  added. 

The  two  boundary  conditions  used  for  testing  are  shown  in  Fig.  1 .  The  boundary  conditions  are  prescribed 
for  the  forward  directions  only  (0  ^  p  ^  I).  The  values  shown  for  the  upwelling  radiance  at  die  surface  are 
calculated  during  the  numerical  testing,  resulting  in  a  discontinuity  at  p  =  0.  Most  of  the  testing  was  done 
for  an  isotropic  incident  boundary  illumination  just  below  the  surface.  For  this  boundary  condition,  the 
algorithm  was  tested  to  determine  the  sensitivity  to  wavelength,  chlorophyll  concentration,  depth,  and  die 
increment  in  depth  between  adjacent  measurements. 


(a)  (b) 

Figure  1:  Angular  distribution  of  the  radiant  field  with  non-dimensional  depth  for  two  surface  boundary 
conditions,  C=0.0  gm/m^,  470  nm:  (a)  Isotropic  illumination  of  100  W  m*^  sr*’,  (b)  Logarithmic 
illumination  with  Z,(pa0)=0.1  and  Z,(p«»1)f100  W  m*2  sr’ 


Some  additional  testing  was  perfomed  with  a  second  boundary  condition  to  test  the  sensitivity  of  the  results 
to  the  type  of  surface  illumination.  The  second  surface  boundary  condition  was  designed  so  that  across  the 
forward  directions,  the  logio  of  the  incident  radiance  will  be  linear  when  plotted  against  the  index  for  the 
discrete  directions,  k,  for  k=  101  to  200.  The  value  of  the  radiance  impinging  just  below  the  surface  is  0.1 
at  the  discrete  angle  nearest  to  p  =  0  and  100  at  the  discrete  angle  nearest  to  p  =  1.0  and  can  be 
approximated  by  logio(£(pji))  =  0.0303it  -  4.06.  This  incident  radiance  can  be  thought  of  as  a  smeared-out 
delta  function  and  represents  direct  normal  solar  illumination  with  some  "smearing".  It  is  a  cross  between  a 
downward-directed  delta  function  and  the  isotropic  boundary  conditions  first  tested. 

5:  NUMERICAL  RESULTS 

Tables  2  and  3  provide  some  sample  results  for  the  percent  error  in  the  coefficients  with  the  isotropic 
surface  illumination  shown  in  Fig.  la.  The  results  are  for  two  chlorophyll  concentrations  (0.0  and  0.1 
mg/m^)  and  1  m  and  2  m  spacing  between  adjacent  measurements  .  Table  2  contains  the  percent  error 
results  for  pure  water  at  470  nm.  Table  3  contains  results  for  470  nm  and  a  chlorophyll  concentration  of 
0.1  mg/m^. 
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Table  2:  Percent  error  in  estimated  A„  coefficients  at  470  nm  with  isotropic  incident 
illumination  at  various  depths  and  increments,  dz,  between  adjacent  measurements:  C=0.0 
mg/m^,  c=0.0193  m~*. _ 


n 

of 

A„ 

0.5  Optical 
Deoths 

iz  =  1.0  meter 
2  Optical 
Depths 

s 

20  Optical 
Depths 

0.5  Optical 
Depths 

fe  =  2.0  meter 
2  Optical 
Depths 

5 

20  Optical 
Depths 

0 

-1.806 

-1.404 

-1.233 

-3.360 

-2.621 

-2.249 

■■ 

-1.409 

-1.163 

-1.057 

-2.757 

-2.330 

-2.070 

-0.226 

HBSBSHiii 

-0.769 

-1.797 

-1.753 

-1.074 

-1.335 

2.079 

-0.679 

0.721 

-1.836 

-1.153 

-2.141 

0.012 

-0.952 

-0.866 

-1.824 

3.913 

3.017 

*  A  dash  indicates  that  the  moment  of  the  radiance  was  negative. 


For  Table  2,  a  one  meter  depth  increment  in  pure  water  at  470nm  is  equivalent  to  0.0193  optical  depths. 
However,  when  the  chlorophyll  concentration  is  raised  to  O.IO  mg/m^  as  in  Table  3,  one  meter  is  equivalent 
to  0.1 166  optical  depths,  a  difference  of  a  factor  of  6.  The  results  in  Table  3  are  approximately  a  factor  of 
10  worse  than  those  in  Table  2.  The  results  for  water  with  a  chlorophyll  concentration  of  1.0  mg/m^  (not 
shown  here)  at  470nm  (c  =  0.4226  m‘*)  are  about  a  factor  of  three  worse  than  the  results  given  in  Table  3. 
The  results  indicate  that  the  percent  error  of  the  algorithm  is  more  sensititve  to  errors  in  the  calculation  of 
the  derivatives  than  to  the  value  of  the  albedo  or  the  composition  of  the  medium. 


Table  3:  Percent  error  in  estimated  A„  coefficients  at  470  nm  with  isotropic  incident 
illumination  at  various  depths  and  increments,  dz,  between  adjacent  measurements:  C  =  0.1 


H 

0.5  Optical 
Depths 

dz  =  1  meter 
2  Optical 
Depths 

20  Optical 
Depths 

0.5  Optical 
Depths 

dz  =  2  meters 
2  Optical 
Depths 

20  Optical 
Depths 

0 

-16.132 

-15.007 

-14.600 

-21.685 

— 

-18.595 

1 

-5.796 

-10.819 

-9.954 

-9.482 

2 

5.247 

-3.395 

-4.755 

5.329 

-6.358 

3 

2.014 

-4.997 

3.055 

4 

-7.320 

-11.032 

5 

-5.032 

-8.637 

6 

8.183 

5.052 

7 

2.069 

-1.207 

8 

-26.957 

— 

*  A  dash  indicates  that  the  moment  of  the  radiance  was  negative. 
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When  a  higher-order  moment  changed  sign  (compared  to  the  lower-order  moments),  catastrophic 
cancellation  in  Eq.  (5)  resulted  in  highly  erroneous  calculated  values  for  the  corresponding,  higher-order  A„ 

coefficients.  Truncation  errors  dominate  the  near-zero  higher  moments  causing  this  problem.  No  results 
for  An>j  are  given  if  the  calculated  Ljfz)  was  found  to  be  negative.  Strictly  speaking,  from  equation  (3)  only 
the  first  (J-J)  coefficients  will  be  unaffected  by  jfz).  However,  the  results  presented  here  show  that  if 
Lj+j(z)  becomes  negative,  the  error  in  A„  will  usually  remain  small  if  L„(z)  is  set  equal  to  zero.  This  allows  j 
inherent  optical  expansion  coefficients  to  be  preserved  when  Lj+j(z)  becomes  negative. 

The  angular  shape  of  the  radiance  can  be  strongly  influenced  by  the  shape  of  the  surface  illumination  except 
at  asymptotically  deep  depths.  Near  the  surface,  little  light  has  been  scattered  into  the  backward  direction 
and  the  calculation  of  the  higher  moments  of  the  radiance  became  swamped  by  the  truncation  error  of  the 
response  matrix.  As  the  sensor  is  moved  deeper,  the  effects  of  the  surface  boundary  condition  diminish  and 
more  radiance  moments  are  recoverable.  The  shape  of  the  radiance  plays  a  role  in  determining  the  error  in 
the  higher-order  optical  expansion  coefficients.  Figure  I  shows  how  the  radiant  field  changes  with  depth  for 
pure  water,  given  the  two  different  boundary  conditions  at  the  surface. 

The  effects  of  the  surface  illumination  on  results  from  the  algorithm  can  be  quantified  by  testing  with  a 
different  boundary  condition.  The  percent  errors  in  the  A„  coefficients  for  470  nm  with  the  logarithmic 

surface  illumination  shown  in  Fig.  lb  are  presented  in  Table  4.  The  marked  decrease  in  the  percent  errors 
near  the  surface  in  Table  4  compared  to  those  in  Table  2  shows  that  the  estimated  coefficients  significantly 
dependent  on  the  boundary  condition.  As  expected,  the  discrepancy  between  the  errors  decreases  with  depth 
as  the  radiance  approaches  the  same  asymptotic  angular  shape.  What  is  very  interesting  about  the  results  in 
Table  4,  however,  is  that  no  optical  expansion  coefficients  had  to  be  discarded  because  the  moments  of  the 
radiance  calculated  by  the  inversion  of  Eq.  (10)  never  flipped  signs  (they  were  always  positive).  Thus,  the 
number  of  optical  expansion  coefficients  that  are  recoverable  by  the  algorithm  is  dependent  on  both  the 
inherent  optical  properties  of  the  water  and  the  shape  of  the  incident  illumination  at  the  surface. 


Table  4:  Percent  error  in  estimated  A  „  coefficients  for  water  pure  at  470  nm  with 


logarit|unicjnterga[ate^jncidentjlluminationj^^lji^^ 


n 

0.5  Optical 
Depths 

C  =  0.0  mg/m 
2  Optical 
Depths 

3 

20  Optical 
Depths 

0.5  Optical 
Depths 

17  =  0.1  mg/m- 
2  Optical 
Depths 

20  Optical 
Depths 

0 

-1.371 

-1.395 

-1.541 

-14.726 

-14.871 

-14.605 

1 

-1.064 

-1.069 

-1.112 

-5.725 

-5.781 

-5.796 

2 

-0.757 

-0.740 

-0.622 

-6.41 1 

-5.565 

-4.773 

3 

-1.051 

-1.049 

-1.108 

-6.685 

-6.110 

-5.043 

4 

-0.737 

-0.725 

-0.476 

-6.174 

-6.401 

-7.238 

5 

-0.927 

-0.958 

-0.963 

-5.449 

-5.853 

-5.191 

6 

0.757 

0.609 

0.932 

-2.787 

-2.585 

5.837 

7 

0.153 

0.030 

0.264 

-3.519 

-3.779 

-0.086 

8 

5.750 

5.897 

6.730 

1.720 

1.924 

-12.804 
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The  numerical  testing  showed  that  the  Zaneve Id- Wells  algorithm  of  Eqs.  (3)  and  (10)  performed  well  when 
the  incremental  distance  between  measurements  in  depth  was  small  so  that  the  spatial  derivative  could  be 
calculated  with  little  error.  Also,  the  sensitivity  of  Ao  to  errors  is  especially  important  for  anyone  wishing 
to  estimate  the  more  traditionally-used  coefficients  since  the  error  in  Aq  will  propagate  throughout  all  the 
fn  results. 

As  the  higher  moments  of  the  radiant  field  approach  zero,  some  became  negative.  Fields  of  physical 
interest  should  have  angular  moments  with  consistent  signs.  Flipping  signs  can  produce  catastrophically  large 
errors  in  the  calculated  An  coefficients.  Anytime  the  algorithm  is  used,  the  moments  returned  by  the 
inversion  of  equation  (10)  must  be  routinely  checked  to  verily  that  the  signs  are  consistent.  Once  an 
angular  moment  (at  a  given  depth)  is  found  to  have  a  sign  different  than  the  moment  of  next  lower-order, 
no  higher  order  An^  should  be  reported. 

The  boundary  conditions  were  found  to  have  a  significant  impact  on  the  number  of  coefficients  that  could 
be  calculated  at  any  given  depth.  Boundary  conditions  tfiat  produce  weakly  angle-dependent  radiances  (such 
as  isotropic  illumination)  are  more  likely  to  induce  negative  moments  because  inversion  algorithms  are 
generally  more  sensitive  to  error  sources  (such  as  truncation)  with  only  weakly-variant  data. 

In  the  original  formulation  of  the  algorithm  the  total  attenuation  coefficient,  c,  is  not  measured  directly  but 
is  instead  inferred  from  estimates  of  A^.  The  results  for  ten  sensors  and  the  waters  considered  here  show 

that  the  An^  have  not  decayed  sufficiently  to  c  (i.e.,  unity  in  the  non-dimensional  form  of  the  analysis)  for 
a  good  estimation  of  c  to  be  made.  Since  c,  which  defines  the  optical  thickness  of  a  meter  of  water,  is  so 
important  in  determining  how  much  error  the  spatial  derivative  will  introduce,  not  having  a  good  estimate 
can  undermine  the  results.  Fortunately,  c  is  one  of  the  easiest  inherent  optical  properties  to  measure  with 
traditional  instrumentation.  By  attaching  a  separate  instrument  to  the  array  to  get  an  independent 
measurement  of  c,  the  extrapolation  to  A  ^  can  be  avoided.  This  has  the  additional  benefit  that  since  the 

A„'s  approach  c  with  increasing  n,  by  knowing  c,  one  gets  a  qualitative  measure  of  how  completely  the 
properties  of  the  water  can  be  estimated  with  a  finite  number  of  expansion  coefficients.  If  an  independent 
measurement  of  c  is  not  made,  one  is  probably  better  off  using  the  non-dimensional  form  of  the  algorithm. 

Since  the  error  in  the  spatial  derivative  is  dominant,  one  might  consider  using  a  different,  higher-order  finite 
difference  scheme  to  approximate  the  derivatives  of  L„iz).  The  difficulty,  of  course,  is  that  the  water 
properties  must  then  be  assumed  to  be  homogeneous  over  a  greater  range  of  depth  since  higher-order 
approximations  of  the  derivative  require  the  use  of  measurements  at  more  depths. 

Another  concern  is  that  the  light  is  attenuated  significantly  in  productive  waters  over  fairly  short  distances. 
The  Ooss-Wells  instrument  which  used  the  Zaneveld-Wells  algorithm  has  a  length  of  1.6  meters  for  ten 
sensors.  The  algorithm  of  Eq.  (3)  uses  data  for  all  sensors  in  the  array  and  assumes  that  measurements  of 
adjoining  sensors  are  at  the  same  depth.  For  a  chlorophyll  concentration  of  I  gm/m^  at  470  nm  there  would 
be  a  difference  of  0.68  optical  depths  from  the  top  to  the  bottom  of  the  array.  This  means  that  just  over 
50%  of  the  downwelling  light  can  be  be  attenuated  between  the  top  and  bottom  sensors,  which  makes  it  very 
difficult  to  justify  that  all  measurements  are  at  the  same  depth! 
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Oiiw  'tlution  to  this  problem  might  be  to  arrange  the  sensors  into  a  rosette  which  would  allow  all  the  sensors 
to  be  located  in  the  same  horizontal  plane.  This  design,  however,  would  require  additional  modifications  to 
reduce  the  effect  of  tipping  (i.e.,  non-horizontal  positioning  of  the  instrument  in  the  water  due  to  drag  and 
current  effects).  Alternately,  the  algorithm  could  be  applied  to  data  from  instruments  such  as  RADS^^ 
which  takes  a  hemispherical  radiance  measurement,  in  which  case  one  would  generate  the  integrated 
moments  from  Eq.  (4)  by  applying  different  Legendre  polynomials  as  weighting  functions  to  the  data. 
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ABSTRACT 

The  greatly  reduced  stratospheric  ozone  concentrations  over  the  Antarctic  continent  (popularly  known  as  the  Antarctic 
Ozone  Hole),  the  consequent  increase  in  short  wavelength  ultraviolet  radiation  (UVB)  and  the  influence  of  this  increased 
UVB  on  the  Antarctic  ecosystem  has  led  to  the  development  of  instruments  for  the  measurement  of  these  effects.  One 
objective  of  research  in  this  area  is  to  estimate  column  ozone  concentrations  based  upon  surface  UV  measuremrats.  (Current 
commercial  instruments  vary  in  their  characteristics  from  full  spectral  narrow-band  to  single  broad-band  so  the  nature, 
quality  and  usefulness  of  data  from  these  instruments  for  linking  surface  UV  measurements  to  column  ozone  concentrations 
also  varies.  One  instrument,  argueably  a  compromise  between  a  m(»e  complex  and  expensive  full  spectral  narrow-band 
instrument  and  a  simpler  broad-band  instrument,  is  manufachired  by  Biospherical  Instruments  (BSI)  for  the  measurentent  of 
surface  and  in-water  UV  radiation.  Here  we  present  preliminary  results  of  direct  observations  of  springtime  UVB,  using  the 
BSI  PUV-510,  under  the  Antarctic  ozone  bole  and  provide  an  algraithm,  using  the  radiative  transfer  code  of  Wan,  for  the 
accurate  estimation  of  column  ozone  based  upon  th^  measurements.  We  show  that  data  frran  the  PUV-SIO  can  be  used  to 
estimate  column  ozone,  given  a  rough  estimate  of  surface  albedo,  to  within  an  accuracy  of  ±  10  DU  and  that  this  algorithm  is 
robust,  working  well  for  both  clear  and  cloudy  skies. 

1.  INTRODUCTION 

There  is  undisputed  observational  evidence  that  human  activities  are  influencing  the  concentration  of  strato^beric 
ozone  and  will  continue  to  reduce  the  average  global  stratospheric  ozone  over  the  next  century  despite  international 
efibrts  to  mitigate  the  problem  There  is  also  evidence  showing  reduced  atmospheric  ozone  concrntrations  will  result  in 
increased  ulunviolet  radiation  (UVR)  reaching  the  earth’s  surface  Ultraviolet  radiation  has  been  divided  into  several 
spectral  regions:  UVA  (32()-4()0nm)  radiation;  UVB  (28()-32()nm);  and  UVC  (200-280nm).  UVC  is  absorbed  strongly  by 
the  atmosphere  so  that  negligible  amounts  teach  the  earth’s  surface.  Stratospheric  ozone  strongly  absorbs  extiatenestrial 
solar  radiation  in  the  UVB.  This  is  the  spectral  region  where  proteins  and  nucleic  acids,  which  are  key  components  of  living 
plants  and  animals,  show  strong  absorption.  Consequently,  UVB  wavelengths  are  those  most  influenced  by  anthropogenic 
changes  to  atmospheric  chemistry  and  the  ensuing  ozone  depletion.  UVA  wavelengths  are  known  to  induce  both 
photodamage  and  photoreactivation  processes  in  living  cells  and  this  radiation  is  relatively  unaffected  by  variations  in 
stratospheric  O3  depletion. 

Concern  that  depletion  of  the  ozone  layer  may  cause  hannful  increases  of  ultraviolet  radiation  to  both  natural  and 
manmade  components  of  the  biosphere  has  prompted  the  development  of  new  instruments  and  the  establishment  of  UV 
monitoring  networks  Instruments  for  the  measurement  of  incident  UVR  range  from  those  that  have  high  spectral 
resolution,  which  are  relatively  complex,  bulky  and  expensive  to  operate,  to  simpler  moderate  to  iMXMid-band  instruments 
with  limited  spectral  information.  A  family  of  new  instruments,  Biospherical  Instruments  (BSI)  PUV  and  GUV  500  series, 
have  been  specifically  designed  as  ground-based  UV  radiometers  to  measure  the  flux  of  terrestrial  and  in-water  UVR.  These 
instruments  measure  UVR  with  moderate-bandwidths  (roughly  lOnm  full  width  at  half  maximum,  FWHM)  centered  at  305, 
320, 340  and  380nm  plus  a  broad-bend  channel  for  pbotosynthetic  available  radiation  (PAR,  400-700nm). 

An  important  objective  is  to  estimate  column  ozone  concentrations  based  upon  surface  UVR  measurements.  Ibtal 
column  ozone  has  traditionally  been  measured  using  ground-based  Dobson  spectrophotometers  and,  for  the  past  few 
decades,  by  means  of  satellite  observations  High  resolution  surface  observations  of  UVR  and  radiative  transfer 
computations  have  also  been  used  to  estimate  total  column  ozone  concentrations  In  addition  to  the  more  complex  ozone 
monitoring  methods,  there  is  a  need  for  simple  field  observation  of  ozone  concentration  to  accompany  biological  affects 
research  Variables  important  for  the  estimation  of  ozone  concentration  from  surface  UVR  inclu^:  solar  elevation. 
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sur&oe  albedo,  aimospheric  aerosols,  stratospberic  temperature  and  tbe  distribution  of  cloud  cover.  Hoe  we  present 
preliminary  results  of  direct  observations  of  springtime  UVR,  using  the  PUV-SIO  instrument  under  the  Antarctic  ozone  hole, 
compare  these  data  with  simulations  using  an  atmospheric  radiative  transfer  model,  and  provide  simple  grtqthics  for  the 
estimation  of  ctdumn  ozone  using  data  from  the  PUV  instrumenL  In  section  2  we  describe  tbe  instrument  and  methods, 
results  are  given  in  section  3  and  a  discussion  follows  in  section  4. 

2.  INSTRUMENT  &  METHODS 
2.1.  MeasurcHMnt  of  uttravioict  radiation 

The  BSI  PUV-SOO  family  of  spectroradiometers  have  been  designed  specifically  as  a  simple,  portable,  and  relatively 
inexpensive  method  of  monitoring  dianges  in  solar  ultraviolet  radiation  The  instrument  includes  sensors  to  measure 
UV^  with  nonunal  sensor  wavelengths  at  308nm,  320nm,  340nm,  and  380nm.  Kirk  etal.  and  Booth  (personal 
communication)  have  indicated  that  the  naming  of  tbe  308  run  diannel  for  this  famUy  of  instruments  may  not  be  accurate. 
Results  of  intercomparison  of  the  PUV  with  a  high-resolution  scanning  spectrora^ometer  show  that  the  actual  center 
wavelength  fm  this  channel  is  between  304  and  30S  tun.  These  authcus  suggest  naming  this  lowest  PUV  chamiel  305  nm, 
which  we  do.  The  in-water  PUV  instrument  also  includes  a  sensor  which,  along  with  tbe  channels  mentioned,  measures 
natural  solar  stimulated  fluorescence.  The  downward  irradiance  is  collected  using  a  Teflon  and  quartz  flat  {date  dififriser. 
This  provides  a  geometric  cosine  response  and  tbe  sensor  is  calibrated  in  units  of  uwatts/cm‘2/nm.  Ihe  spectr^  responsiviiy 
of  the  soisor  is  a  function  of  the  detector,  filters,  and  the  diffusa'.  Hgure  1  shows  BSI’s  published  response  curve  of  the 
PUV  instrument  for  the  solar  spectrum.  We  have  not  yet  indepoidently  measured  either  the  spectral  response  or  tbe  cosine 
response  of  this  instrumenL 

In  our  testing  of  an  algorithm  for  the  estimation  of  total  column  ozone  we  use  only  data  collected  using  the  30Snm  and 
340nm  channels.  The  detector  for  tbe  305nm  channel  uses  an  ultraviolet  Cs-Te  vacuum  tube  diode  with  ultraviolet  glass, 
allowing  maximum  sensitivity  for  the  relatively  small  irradiance  values  expected  in  this  region  of  the  solar  ^tectrum  as  well 
as  blocking  irradiance  at  wavelengths  above  320nm.  The  low  wavelength  side  of  this  channel  makes  use  of  tbe  naturally 
occurring,  and  very  sharp,  atmosphoic  (or  in-water)  cutoff  which  permits  some  variability  in  bandwidth  as  environmental 
conditions  change.  The  sharp  cutoff  results  from  tbe  fact  that  the  absorption  cross  section  for  ozone  at  wavelength  280  nm 
exceeds  that  at  320  nm  by  more  than  two  orders  of  magnitude.  This  leads  to  a  sharp  decrease  in  transmission  from  long  to 
short  wavelengths  Figure  2  shows  a  plot  of  Ej(305nm).  weighted  for  tbe  PUV  spectral  response  for  this  channel,  vs 
ozone  concentration  for  a  range  of  solar  zenith  angles.  Tbe  strong  variability  of  Ej(305nm)  with  ozone  is  obvious  from  this 
figure. 

The  340  nm  channel  uses  a  silicon  photodiode  that  is  c^timized  for  use  in  this  particular  region  of  the  plectrum  and  is 
chosen  to  minimize  spectral  leakage  from  longer  wavelengths.  In  contrast  to  tbe  305  nm  channel,  the  340  nm  channel  is 
relatively  insensitive  to  changes  in  erriunm  ozone  concentration  (Fig.  3).  Also,  it  has  been  shown  that  tbe  irradiance  ratio 
we  use  to  estimate  ozone  concentration  is  relatively  insensitive  to  the  influence  of  aerosols.  As  a  consequence,  we  can 
assume  that  variations  in  the  irradiance  in  this  region  of  tbe  spectrum  which  are  due  to  atmo^beric  conditions  and  cloud 
cover  are  wavelength  independent.  That  is,  to  first  order,  tbe  variations  in  tbe  irradiance  ratio  of  305  to  340  nm  are  primarily 
ozone  related. 

2J.  Ozone  estfanates 

For  comparison  with  our  PUV-model  results  we  independently  determined  o/nne  concentratons  using  data  from  tbe 
NSF/OPP  UV  monitoring  station  and  an  ozone  estimation  code  developed  by  Wan  a.s  described  by  South  et  al.  These 
independent  ozone  estimates  were  also  compared  with  independently  determined  saicllite  estimates  of  total  ozone  from  the 
Total  Ozone  Mtq^ing  Spectroradiometer  (TOMS)  ^  and  found  to  be  in  agreement  within  about  ±  15  DU,  a  variability 
consistent  with  our  uncertainty  associated  with  a  space/time  intercomparison  of  surface  and  satellite  derived  ozone  values. 
A  sensitivity  analysis  using  this  code  showed  t^  the  relative  uncertaiiuty  in  ozone  was  only  a  few  DU  as  the  surface 
albedo  varied  by  0.1.  Thus  we  would  anticipate  an  albedo  effect  on  our  PUV-derived  ozone  estimates  only  for  relatively 
large  changes  in  albedo,  say  from  ocean  water  to  ioe/snow  cover.  Tbe  wavelength-dependence  for  aerosol  loadings  were 
also  shown  by  these  workers  to  be  relatively  weak.  High  resolution,  narrow  band  UV  data  were  obtained  from  the  NSF/OPP 
UV  spectmadiometer  monitoring  system  located  at  Mmer  Station  on  Anvers  Island  off  the  Antarctic  Peninsula  (64°  46'S 
64°  03'W).  For  this  monitoring  system,  measurements  are  collected  hourly  during  a  10  to  15  minute  scanning  interval 
consisting  of  3  data  blocks  which  include:  280-3 15nm  at  0.2nm  resolution,  2^380nm  at  0.5nm  resolution,  and  280-620nm 
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at  l.Onm  resolution.  Our  high  resolution  model  uses  a  ratio  of  308.26  nm  to  337.28  nm  to  estimate  column  ozone 
concentration.  Previous  simulations  with  this  model  based  upon  comparison  with  dobson.  ballonsond  and  satellite  data, 
demonstrated  that  the  model  pennits  total  column  ozraie  and  surface  albedo  to  be  estimated  fimn  ground-based  UV 
spectroradiometer  data  with  an  accuracy  of  ±5  DU  for  ozone  and  0.1  for  surface  albedo. 

23.  Field  area  and  data  collection 

Using  the  PUV  spectroradkMneter,  moderate-band  measurements  of  305,  320,  340,  380  nm,  and  broadband  PAR  data 
were  collected  for  a  ten  day  period.  During  this  period  the  ozone  hole  moved  with  respect  to  our  location  creating  ozone 
values  ranging  from  a  low  of  ISO  to  a  high  of  over  350  DU.  The  data  were  collected  while  stationed  in  Dallman  Bay,  on  the 
north  side  of  Anvers  Island,  during  the  November  1993  Icecc^ors  cruise.  Conditions  during  the  ten  day  period  were 
relatively  calm  and  consistent  The  oivironmait  was  mainly  q)en  water  with  minimal  ice  cover  and  with  none  to  relatively 
little  (for  the  Antarctic)  cloud  cover.  We  logged  PUV  downv^  irradiance  values  every  IS  seconds  and  these  data  were 
subsequently  selected  and  Innned  by  solar  zoiith  angle  for  further  analysis.  The  solar  zenith  angle  was  calculated  based  on 
time,  latitude  and  longitude,  which  were  recorded  along  with  the  PUV  data. 

3.  RESULTS 


3.1.  PUV  ozone  algorithm 

Hgures  4  &  5  present  results  of  our  atmospheric  radiative  transfer  code  showing  the  ratio  of  Ej(305nm)  /  Ej(340nm), 
where  each  waveband  has  been  weighted  by  the  appropriate  PUV  response  function,  versus  ozone  concentration  and  with 
solar  zenith  angle  as  a  parameter.  Figure  4  gives  results  for  a  surface  albedo  of  0.1,  roughly  the  value  of  ocean  water  with 
some  whitecapping  and  sea  ice,  which  is  our  best  guess  of  the  albedo  during  our  Dallman  Bay  station.  Hgure  5  shows  the 
ratio  Ej(305nm)  /  Ej(340nm)  versus  ozone  for  selected  solar  zenith  angles  with  the  albedo  varied  in  steps  of  0.1  Grom  0.0  to 
1.0  and  provides  an  indication  of  how  variation  in  surface  albedo  affects  the  relationship  between  the  irradiance  ratio  and 
ozone.  These  figures  can  be  used  to  estimate  ozone  concentration  by  making  use  of  the  EjOOSnm)  /  EjOAOnm)  ratio  fnm 
PUV  data. 

33.  Comparison  of  PUV  vs  high  spectral  rcsolutloa  ozone  estimates 

Using  the  absolute  moderate-band  measurements  of  UVR  from  the  PUV-510,  we  calculated  the  305  to  340  nm 
irradiance  ratio  to  examine  how  ozone  fluctuated  as  a  function  of  time  and  solar  zenith  angle.  Figure  6  shows  a  plot  of  these 
ratios  from  PUV  data,  biimed  in  5°  solar  zenith  angle  bins,  plotted  along  with  curves  computed  using  our  radiative  transfer 
model  for  several  sun  angles.  The  actual  measuronents  compare  well  with  the  computed  curves. 

Figure  7  shows  TOMS  ozone  data  for  the  Dallman  bay  area  ^  over  the  ten  day  period  we  were  on  station  at  this 
location  along  with  ozone  estimates  using  our  PUV-ozone  algruithm.  Out  data  agree  well  with  the  satellite  data,  recognizing 
that  there  are  space/time  differences  between  the  point  shipboard  measurements  and  the  30km  resolution  satellite  data,  and 
show  that  the  PUV  alg(Mithm  (Figs.  4  &  5)  permit  realtime  tracking  of  the  ozone  variability  associated  with  the  Antarctic 
ozone  hole. 


4.  DISCUSSION 

There  is  now  overwhelming  evidence  that  UVB  can  be  an  important  environmental  stress  in  aquatic  ecosystems 
The  BSI  PUV  family  of  instruments  have  beat  developed  to  permit  the  direa  measurement  of  selected  wavebands  of  UVR 
both  incident  on  the  surface  and  in-water^.  We  estimate  that  the  error  involved  in  estimating  ccfiumn  ozone  concentrations 
using  the  PUV  instrument  and  our  model  (Figs.  4  &  5),  given  a  rough  estimate  of  surface  albedo,  is  approximately  ±  10  DU. 
There  are  circumstances  when  this  is  acceptable  accuracy,  particularly  when  high  resolution  spectral  irradiance  ancVor 
TOMS  data  are  unavailable.  This  is  especially  true  for  Antarctic  regions  where  relatively  large  changes  in  column  ozone 
occur  on  space/time  scales  that  require  near  realtime  ozone  estimates  for  both  the  science  and  logistics  of  UV-effects 
research. 

A  more  rigorous  assessment  of  the  PUV  model  results  OMild  be  made  by  comparing  ozone  estimated  using  this  model 
with  ozone  estimates  made  using  high  resolution  spectral  data  matched  in  time  and  space.  The  current  comparison  of  our 
model  results  with  independent  ozone  data  suggest  that  the  precision  of  the  model  is  relatively  high,  say  ±  a  few  DU,  but  that 
the  absolute  accuracy  has  yet  to  be  determined.  This  is  platmed  for  future  work. 
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Our  PUV  model  (Figs.  4  &  S)  is  not  linear,  so  an  error  estimate  requires  judgment  and  depends  upon  solar  zenith  angle 
and  ozone  concentration.  We  have  optimized  the  model  presented  here  fw  the  Antarctic,  where  scto  zenith  angles  are 
greater  that  45°  and  where  springtime  ozone  now  routinely  vari^  between  ISO  to  3(X)  DU.  The  accuracy  suggested  above 
holds  for  ozone  values  around  275  DU,  with  the  accuracy  decreasing  with  higher  ozone  and  increasing  with  Iowa-  ozone  for 
a  hxed  accuracy  in  determining  the  irradiance  ratio. 

The  surface  albedo  can  contribute  variations  in  the  measurement  of  UVR,  impacting  the  resulting  irradiance  ratios. 
Uncertainty  in  albedo,  as  shown  in  Fig.  5,  contributes  to  additional  uncertainity  in  estimating  ozone.  During  the  Antarctic 
spring,  September  to  Novonber  1993,  we  were  able  to  obtain  crude  estimates  of  surface  albedo  over  a  range  of  conditions. 
We  found  UVR  albedos  varied  from  0.10,  for  open  water,  to  0.8S,  fw  pack  ice  covered  with  snow.  It  has  been  shown,  based 
on  theoretical  simulatirms,  that  the  surface  albedo  is  wavelength  independent  in  the  ultraviolet  region  We  can 
quantitatively  predict  the  absolute  effects  of  the  variations  in  albedo  on  our  FUV  model.  Howevo',  due  to  the  relative  lack  of 
accurate  surface  albedo  measurements  in  the  Antarctic,  we  have  few  data  to  chedr  these  predictions. 

Future  work  associated  with  using  a  simple,  widely  available  UVR  instrument  for  column  ozone  estimation  will 
iiKlude:  more  accurate  estimates  of  surfitce  albedo,  examination  of  the  space/time  variations  in  ozone  so  as  to  more 
accurately  compare  high  resolution  and  satellite  estimates,  working  to  increase  the  accuracy  of  the  model  and  extending  it  to 
lower  latitude  situations. 
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Figure  Legends 

1.  Normalized  spectral  response  of  the  PUV  &  GUV  5(X)  series  of  instruments  from  Biospherical  Instruments  Inc. 

2.  Incident  downwelling  spectral  irradiance  at  305nm.  EjO05),  ( Wm~^  )  versus  colunm  ozone  concentration  (DU)  fora 
surface  albedo  of  0.1  and  for  various  solar  zenith  angles.  Curves  computed  using  an  atmospheric  radiative  transfer  nradel 
with  input  parameters  as  (tescribed  by  Smith  et  al. 

3.  £^(340)  vs  ozone  concentration  as  described  for  Fig.  2. 

4.  Computed  PUV  irradiance  ratio,  £^(305)  I  £^(340),  versus  ozone  (DU)  for  surface  albedo  of  0.1  and  for  various  solar 
zenith  angles.  Each  waveband  has  been  weighted  with  the  apprcqniate  PUV  response  function  as  shown  in  Rg.  1 . 

5.  Same  as  for  Fig.  4,  but  with  the  albedo  varied  in  steps  of  0.1  from  0  (lower  curves)  to  1  (upper  curves). 

6.  PUV  irradiance  ratio  vs  ozone  for  several  solar  zenith  angles.  (Turves  computed  using  radiative  transfer  model.  Points 
data  from  PUV  instrument  binned  into  5°  solar  zenith  angle  bins. 

7.  Comparison  of  ozone  values  obtained  using  the  PUV-model  vs  ozone  values  obtained  by  making  use  of  high  resolution 
spectral  data  from  the  Palmer  NSF/OPP  UV  monitoring  station  and  our  radiative  transfer  model. 
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Figure  1:  PUV  510  Normalized  Spectral  Response  Curve 
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Figure  7;  Meteer-3/TOMS  and  Model  PUV  Ozone 
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ABSTRACT 

The  underwater  light  field  is  affected  by  the  g  n^ry  ui  the  incident  radiance,  the  sea-surface  state,  the 
inherent  optical  propwties  of  the  water-colunm  constiu  the  distribution  of  these  constituents,  and,  in  shallow 
areas,  the  bottom  albedo.  New  instrumentation  and  platforms  designed  to  assist  in  the  quantification  of  the  above 
are  herein  described.  The  new  instrumentation  includes  the  Marine  Aggregated  Particle  Profiling  and 
Enumerating  Rover  (MAPPER),  the  next-generation  MAPPER  n  system,  and  the  Bottom  Classification  and 
Albedo  Package  (BCAP).  The  new  platforms  include  a  custom-manufactured  Remotely  Opiated  V^icle  (ROV) 
designed  to  dq)loy  the  MAPPER  U  module,  the  BCAP  module,  and  a  vertical-profiling  instrument  suite,  and  an 
Autonomous  Underwater  Vdiicle  (AUV)  designed  for  optical  measurements  in  coastal  waters.  These  include  the 
deployment  of  the  BCAP  module  on  long-range,  bottom-miq)ping  missions. 


1.0  INTRODUCTION 

In  the  new  millenia,  our  planet  will  be  encircled  with  a  host  of  orbiting  machines.  These  satellites  will 
enable  a  truly  global,  instantaneous  information  network  serving  communications,  commerce,  entertainment, 
security,  and  both  theoretical  and  applied  scientific  research.  While  some  of  these  research  platforms  will  be 
looking  outward,  in  search  of  information  from  the  rest  of  our  solar  system  and  beyond,  most  will  be  looking 
inward  with  a  solitary  purpose,  to  monitor  the  planet  from  which  they  were  launched.  These  space-based, 
inward-looking  machines  will  be  built  and  launch^  not  out  of  curiosity  but  out  of  the  necessity  to  acquire  global 
data  in  order  to  address  global  questions  arising  from  an  ecosystem  under  stress.  Many  of  these  glob^  questions 
involve,  either  directly  or  subtly,  the  coastal  oceans,  the  areas  where  most  of  our  populations  live  and  where 
manifestations  of  man’s  affects  on  the  oceans  are  most  likely  to  appear.  Among  many  others,  these  global 
questions  include  agriculture,  mariculture  and  fisheries  production,  deforestation,  desertification,  ozone  dqiletion, 
air  and  water  quality,  international  security,  global  warming,  and  complex  chemical  and  heat  exchanges  among 
the  air,  land,  and  sea.  As  with  any  instrument  system,  however,  this  space-based,  remote  sensing  network  will 
require  calibration,  algorithm  validation,  and  the  interpretation  of  the  remotely  sensed  data. 

This  contribution  focuses  on  new  instrumentation  and  platforms  designed  for  underwater  optical 
measurements  for  the  calibration  of  algorithms  and  the  validation  of  satellite  data  regarding  a  significant  part  of 
our  planet’s  surface,  the  coastal  ocean.  The  instrumentation  discussed  includes  the  Marine  Aggregated  Particle 
Profiling  and  Enumerating  Rover  (MAPPER)  and  the  next-generation  MAPPER  II  system,  both  of  which  use 
structured,  diode  laser  illumination  for  particle  imaging,  and  the  Bottom  Classification  and  Albedo  Package 
(BCAP),  a  suite  of  instrumentation  which  includes  hyperspectral  radiometers,  a  multi-channel  intensified  bottom 
imager,  and  commercial  instrumentation.  The  platforms  discussed  are  two  Unmanned  Underwater  Vehicle 
systons  (UUVs),  a  Remotely  Operated  Vdiicle  (ROV)  custom-manufactured  for  the  deployment  of  optical 
instrumentation  and  a  state-of-die-art  Autonomous  Underwater  Vehicle  (AUV). 
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2.0  INSTRUMENTATION 


2.1  BOTTOM  CLASSinCATION  AND  ALBEDO  PACKAGE  (BCAP) 

Bottom-reflected  radiance  is  quite  apparent  at  depths  to  30  m  in  hyperspectral,  water-leaving  radiance 
(AVIRIS  data)  off  Florida  when  bottom  alb^os  exceed  0.3  even  when  pigment  levels  exceed  0.4  mg/m^.  This 
perturbation  can  be  exploited  to  estimate  bottom  depth  and  to  locate  bottom  features  with  contrasting  albedos  if 
measurements  of  the  submarine  light  field  and  the  water-column  and  bottom  constituents  that  affect  it  can  be 
obtained  for  calibration  and  validation  purposes.  This  not  only  includes  measuring  the  traditional  water-column 
constituents  and  their  absorption,  scattering,  and  fluorescence  properties,  but  also  the  reflectance  and  fluorescence 
properties  of  the  bottom  plants  and  sediments.  This  information  will  facilitate  the  development  of  models  and 
algorithms  for  the  remote  determination  of  nearshore  bottom  sediment  types,  flora  concentration/characteristics, 
water  column  constituents  (dissolved  and  particulate),  and  bottom  features  (eg.  foreign  objects)  incompatible  with 
the  natural  spectral/spatial  setting. 

The  Bottom  Classification/ Albedo  Package  (BCAP)  is  an  ensemble  of  optical  sensors  under  development 
at  USF.  BCAP  principle  components  are  hyperspectral  (512  channel)  upwelling  radiance/reflectance  and 
downwelling  irradiance  meters,  a  dual-laser  range  finder/chlorophyll  probe,  and  a  6-wavelength,  image- 
intensified,  CCD  bottom  camera  for  bottom  classification  and  object  identification  purposes.  The  prototype 
radiometer  has  a  nominal  resolution  of  3  nm  from  350-900  nm^.  The  two  diode  lasers  (Melles  Griot  Electro- 
Optics)  can  function  as  near-bottom  range  finders  providing  the  high-resolution  altitude  determination  necessary 
for  light  propagation  modelling.  They  will  also  be  utilized  in  an  attempt  to  quantify  the  chlorophyll  a  content 
of  the  bottom  sediment,  exploiting  the  differential  absorption  of  the  pigment  at  the  two  different  laser 
wavelengths.  One  laser  emits  at  675  nm,  a  major  peak  of  the  chl  a  absorption  spectra,  while  the  other  laser  emits 
at  650  nm,  a  local  minima  of  the  chl_a  absorption  spectra  (see  Figure  1).  The  650  nm  wavelength  choice  also 
minimizes  potential  crosstalk  with  the  absorption  spectra  of  chl_c,  a  pigment  often  present  with  chl  a. 


SPECIFIC  ABSORPTION  COEFFICIENT  SPECTRA  FOR  CHLOROPHYLLS  a  and  c 
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Figure  1.  Specific  absorption  spectra  for  chlorophylls  a  and  c  (from  Bidigare,  et.  al.  1990,  see  text  for  discussion). 
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The  6-channeI  (see  Table  1  for  filter  specifications),  Xybion  IMC-301  imager  utilizes  a  recently 
developed,  Generation-Ill,  micro-channel  plate  image  intensifier  with  an  extended  blue  photocathode  (GEN-III- 
Blue)  which  has  a  dynamic  range  of  over  ten  orders  of  magnitude.  Tests  in  our  laboratory  showed  that  a  less 
sensitive,  GEN-II-RED  was  capable  of  imaging  fluorescence  from  macrophytes,  seagrasses,  and  benthic  diatoms, 
and  would,  therefore,  be  capable  of  imaging  albedo  and/or  fluorescence  variations  of  the  bottom.  The  increase 
in  instrument  response  afforded  by  a  GEN-III-Blue  vs.  a  GEN-II-RED  at  an  important  chl_a  fluorescence  band 
(68S  nm),  for  example,  is  a  factor  of  three.  The  calibration  consistency  of  the  IMC-301  GEN-III-Blue  imager 
is,  however,  currently  unknown.  To  provide  unambiguous  data,  the  (Vibrated  S  12-channel  spectral  reflecto- 
meter/radiometer  will  obtain  spectra  from  a  known  (as  a  function  of  altitude)  segment  of  the  IMC-301  image, 
thus  providing  calibration  constants  for  the  imager.  Another  5 12-channel  spectral  radiometer,  equipped  with  a 
cosine  collector,  will  obtain  the  spectra  of  the  downwelling  light  field  illuminating  the  bottom.  Calibrated 
reflectance  panels  (Spectralon)  will  be  used  to  calibrate  bottom  reflectance  (albedo)  measurements. 


Center 

FWHM 

Comments 

wavelength 

460 

bandwidth 

20 

Chi  c  absorption  maxima 

520 

20 

Co-pigment  absorption  maxima,  coral  fluorescence 

575 

30 

Phycoerythrin  fluoresence  maxima  coral  fluorescence 

620 

20 

Pigment  absorption  minima 

685 

30 

Chl  a  fluorescence  maxima 

730 

40 

Fluorescence  band 

Table  1.  Filter  specifications  for  the  Xybion  IMC-301  Instrument. 

For  active  bottom-mapping  missions  utilizing  spectral  albedo  and  stimulated  fluorescence,  a  high-pressure, 
rare-earth-doped  light  source  ^eep-Sea  Power  and  Light)  provides  a  relatively  smooth  illumination  spectra  for 
spectral  albedo  measurements  and  sufficient  blue  intensity  to  investigate  stimulated  fluorescence.  A  short-pass 
filtered,  metal  hallide  arc  lamp  will  be  utilized  for  mu]ti-channel  fluorescence  investigation  during  night 
deployments.  In  both  scenarios,  calibration  is  provided  by  the  downward-looking  spectroradiometer  and 
calibrated  reflectance  panels. 

Ancillary,  conunercially  available  instrumentation  will  measure  the  water  inherent  optical  properties 
OOP’s)  and  physical  properties  and  dissolved  and  particulate  matter  concentrations.  These  sensors  include  a  nine- 
channel  absorption/attenuation  meter  (ac-9,  WET  Labs),  a  multi-channel  volume  scattering  meter  (WET  Labs, 
available  FY  1995),  an  optical  backscattering  meter  (OBS,  Seatech),  and  a  CTD  (Falmouth). 

2.2  MAPPER  AND  MAPPER  II 

Another  potentially  significant  factor  affecting  the  underwater  light  field  in  coastal  waters  is  the  changing 
suite  of  particulates.  This  includes  sediment  introduced  by  riverine  or  coastal  erosional  processes,  dust  flux,  as 
well  as  biological  production  and  the  accompanying  detritus.  In  oceanic  Case  I  waters,  the  water-leaving  radiance 
is  primarily  backscatter  from  water  molecules  and  the  small  (<  10  ^m  equivalent  spherical  diameter,  ESD) 
particles  present^.  In  coastal  waters,  however,  much  larger  particles  can  be  present  and  can  have  a  significant 
effect  on  the  light  field^’^.  Costello  et  al.®  calculated  that  attenuation  in  Monterey  Bay  (July  1993)  by  particles 
larger  than  70  /im  diameter  exceeded  the  attenuation  by  the  numerically  dominant,  smaller-particle  fraction.  Their 
calculations  were  based  on  data  from  a  25  cm  pathlength,  SeaTech  transmissometer  and  the  conversion  of  the 
imaged  geometrical  vxoss-sections  of  the  particles  to  effective  optical  cross-sections  using  an  attenuation  efficiency 
factor^,  Qg  =  2,  for  optically  large  particles.  It  should  be  noted,  however,  that  the  transmissometer  sample 
volume  was  much  less  than  the  imagery  volume  and,  therefore,  biased  data  toward  the  smaller  particle  fraction^. 
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The  particle  imagery  was  obtained  using  the  Marine  Aggregated  Particle  Profiling  dni  Enumerating  Rover 
(MAPPER),  an  instrument  system  developed  during  the  ONR  Accellerated  Research  Initiative  Significant 
Interactions  Governing  Marine  A^eeation  (SIGMA).  The  MAPPER  system  (see  Figure  2)  and  the  type  of  data 
acquired  are  described  elsewher^^'‘°'‘‘.  Succinctly,  MAPPER  is  a  free-fall,  vertical  profiling  system  which 
utilizes  structured,  visible  diode  laser  illumination  to  produce  a  thin  sheet  of  light  at  the  image  planes  of  three, 
synchronized  CCD  video  cameras  of  differing  magnifications.  This  unique,  synchronous  imagery  from  the  three 
indqiendent  cameras  allowed  an  investigation  (see  Costello  ^  al.’^,  this  volume)  of  imaging  artifacts  which  would 
not  be  noticed  nor  quantifiable  in  a  system  with  a  single  camera. 

MAPPER  realizes  50  ^m  resolution  in  the  horizontal  dimensions  and  sub-centimeter  vertical  resolution. 
The  density  of  the  MAPPER  database  is  illustrated  in  Figure  3  which  shows  the  3-dimensional  spatial  distribution 
of  large  particles  (ESD  >215  /xm)  in  a  randomly-chosen  water  volume  from  Monterey  Bay  of  dimensions  29 
mm  X  58  mm  x  100  mm  (0.67  1).  These  data  allow  not  only  the  3-dimensional  reconstruction  of  the  particle 
distribution  but  also  the  classification  of  particles  by  shape  and  by  reflectivity  (eg.  zooplankton  vs.  phytoplankton 
aggregates).  This  type  of  data  is  available  for  the  entire  database.  For  most  purposes,  however,  Ae  data  are 
most  often  displayed  in  bins  as  a  function  of  depth.  Figure  4  shows  particle  size  distribution  data  from  the 
Monterey  Bay  deployments  presented  in  one-meter  depth  bins. 

Although  the  MAPPER  system  dependably  (119  data  tapes  secured  out  of  120  attempted)  captures 
unprecedented  high-resolution  imagery,  the  size  of  die  present  system  (0.66  m^,  100  kg)  precludes  incorporation 
into  other  platforms  capable  of  other  deployment  modes.  Hence,  a  second-generation  MAPPER  II  is  under 
development.  MAPPER  II  will  be  configured  as  a  small  (0.016  m^,  and  10  kg),  modular  package  capable  of 
incorporation  into  the  platforms  discussed  below. 


Figure  2.  MAPPER.  The  normal  vector  out  of  this  page  describes  the  fall  direction  of  MAPPER.  The  laser 
sheet  is  at  the  leading  edge  of  the  sensor.  See  Costello  et  al.*’*  for  more  details. 
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Figure  3.  3-dimeiisional  reconstruction  of  particles  (diam^er  >  210  urn)  in  a  water  volume  at  10  m  depth  m 
Monterey  Bay.  Particle  patchiness  is  evident  by  examination  of  die  diree  ordiogonal  views  on  the  left. 


Figure  4.  Particle  size  distribution  spectra  ftom  Monterey  Bay  in  one-meter  depth  bins  (MAPPER  data). 
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3.0  PLATFORMS 


3.1  Remotely  Operated  System  Equipped  for  Bio-optical  Underwater  Deployment  (ROSEBUD) 

The  land-analog  to  the  ROSEBUD  ROV  is  a  pickup  truck  with  variable  load  configurations.  A  concept 
drawing  for  the  system  is  shown  in  Figure  5.  The  ROV  has  a  low  optical-profile  to  minimize  instrument 
shadows.  Four  horizontal  thrusters  developing  up  to  120  lbs.  of  thrust  will  help  alleviate  common  ROV  control 
problems  associated  with  umbilical  drag,  surface  and  sub-surface  currents,  and  mothership  drift.  The  primary 
ROSEBUD  design  objective  is  to  enable  incorporation  of  a  diverse  set  of  instrumentation  on  a  ”plug-and^lay” 
basis.  An  open,  central  cargo  bay  lined  with  instrument  mount  racks,  for  example,  will  acconunodate 
approximately  0.25  m^  of  instrumentation. 

The  fiscal  philosophy  behind  the  design  is  the  minimization  of  the  costs  of  sophisticated  ROV  technology 
which  is  not  applicable  to  ROSEBUD’S  envisioned  missions.  The  result  of  this  approach  will  be  a  robust  vehicle 
at  a  fraction  of  the  cost  of  the  acquisition  (and  modification)  of  many  more  sophisticated  systems.  The 
sophistication  of  ROSEBUD  will  lie  in  more  flexible  payload  configurations  and  deployment  parameters  and  *m 
an  artificial-intelligence  approach  to  data  acquisition  and  integration.  The  digital  and  analog  data  from  the 
instruments,  for  example,  will  be  integrated  in  a  VXWorks  LON  network  using  Motorola  neural  network 
hardware  and  protocol  (see  AU  V  section  below)  where  data  from  any  of  the  instruments  are  available  to  any  other 
instrument  node  as  required  without  interruption  of  the  high-level  system  controller.  In  this  operating  system, 
the  instrumentation  plugged  into  the  system  is  automatically  recognized  and  the  power  and  data  stream 
requirements  are  automatically  accomodated.  Other  planned  enhancements  include  a  four-channel,  fiber-optic 
video  mutiplexer,  an  articulated  instrument  rack,  moveable  vertical  thrusters  (to  accomodate  hydrodynamically 
different  instrument  configurations),  and  a  passively  articulated  instrument  tray  to  accomodate  instrumentation 
requiring  constant  orientation  relative  to  the  water  flow. 

ROSEBUD  will  be  used  for  concept-  and  sensor-development  activities  prior  to  sensor  transitions  to  an 
AUV.  It  will  also  be  used  for  very-near-bottom  (<  2  m)  studies. 
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3.2  Autonomous  Underwater  Vehicle  Ocean  Voyager  II  (OVII  AUV) 

The  Ocean  Voyager  II  (OVII)  is  an  autonomous,  untethered,  underwater  vehicle  under  development  for 
USF/DMS  by  the  Department  of  Ocean  Engineering,  Florida  Atlantic  University.  In  contrast  to  MIT’s 
ODESSEY  vehicle  which  is  designed  for  deep-water,  long-range  missions,  and  WHOFs  ABE  vehicle  which  is 
optimized  for  deep-water,  short-range,  long  duration  deployments,  the  OVII  (Figure  6)  is  a  small  vehicle 
optimized  for  coastal  applications  including  longe-range,  bottom-following  missions.  The  OVII  is  2.4  m  in 
length,  has  a  maximum  diameter  of  0.6  m,  a  depth  rating  of  600  m,  a  maximum  speed  of  S  knots,  and  a 
theortical  range  of  480  km  (@  3  knots).  In  sea  trials  at  FAU  and  at  USF,  the  prototype  vehicle  successfully 
performed  missions  following  3-dimensional  waypoints  on  a  compl^ely  autonomous  basis.  The  payload  bay  of 
this  prototype  vehicle  is  currently  being  modified  for  integration  of  the  BCAP  system  and,  to  our  knowledge,  will 
be  the  first  Autonomous  Underwater  Vehicle  dedicated  to  optical  oceanography.  The  next-generation  OVII  has 
a  three-piece  modular  design  in  order  to  accommodate  several  sensor  suites  under  developed  at  USF  D^artment 
of  Marine  Science.  All  modular-vehicle  configurations  share  the  aft  propulsion  section,  most  configurations  share 
the  forward  control  section,  and  multiple,  interchangable,  central  sections  are  under  development.  For  some 
deployment  configurations  (using  the  MAPPER  II  module,  for  example)  modified  forward  sections  will  be 
utilized. 


Figure  6.  Depiction  of  the  Ocean  Voyager  II  AUV  equipped  with  the  BCAP  module,  see  text  for  discussion 
(Figure  courtesy  of  Sam  Smith,  Ocean  Engineering,  Florida  Atlantic  University). 
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The  modularity  of  the  OVII  is  unique  among  non-defense  UUVs  and  arose  out  of  the  diversity  of  the 
planned  instrument  packages.  In  larp  part,  the  modularity  is  possible  because  of  the  utilization  of  an  Intelligent 
Distribution  Control  System  (IDCS)'^.  In  essence,  die  IDCS  consists  of  a  main  controller  which  is  responsible 
for  high  level  scheduling  and  for  monitoring  numerous  (up  to  32K)  microcontrolled  subsystems  called  "nodes". 
Each  node  consists  of  sensor(s),  actuator(s)  and  a  microcontoller.  The  node  microcontroller  (the  "Neuron  Chip", 
Motorola)  is  actually  three,  integrated  microcontrollers  with  built-in  communications  firmware.  These  follow 
LONwork  protocols  where  nodes  are  addressed  as  network  variables  and  multi-tasking  and  event-driven 
scheduling  are  supported.  The  IDCS  allows  all  network  data  to  be  addressed  by  any  node,  for  node  actuators 
to  respond  to  information  from  other  nodes  independent  of  the  main  controller,  and  for  essentially  an  unlimited 
number  of  sensor  system  configurations/permutations  to  be  deployed  without  reprogramming  the  main  controller. 

4.0  MISSION  SCENARIO 

Coastal  areas  are  complicated  environments  where  most  of  our  population  lives.  The  difficulties  described 
above  are  magnified  near-shore  because  of  complex  and  often  rapidly  changing  physical  processes.  Tidal 
processes,  inertial  currents,  upwelling,  buoyant  plumes,  and  internal  waves  are  but  a  few  mechanisms  that  change 
rapidly  and  require  synoptic  sampling.  Satellites  provide  synoptic  data,  but  calibration/validation  of  each  image 
requires  rapid,  multiple-vessel  coverage  of  the  optical  features  (e.g.  fronts,  plumes,  etc.)  of  interest.  The  more 
we  learn  about  coastal  areas,  the  more  significant  they  become  in  terms  of  our  understanding  of  global  processes. 

4.1  Coastal  Ocean  Color,  the  Primary  Mission 

The  complexity  of  coastal  waters  demands  that  a  wide  variety  of  data  be  acquired  in  order  to  interpret  satellite 
ocean  color  data.  Water  molecules,  for  example,  affect  light  profoundly  but  in  a  manner  that  has  been  relatively 
well  researched  and  documented'^’*^.  In  natural  waters,  plant  pigments  (eg.  chlorophylls,  carotenoids,  etc.)  can 
also  play  a  significant  role  in  water  color.  The  efficiency  of  the  different  absorption  and  fluorescence  bands  for 
these  pigments  has  been  recently  an  area  of  intense  research  and  is  becoming  increasingly  understood’^’*^’**. 
In  many  coastal  areas,  one  significant  agent  affecting  light  is  Colored  Dissolved  Organic  Matter  (CDOM  or 
"gelbstofT),  a  biogenic  degradation  product  of  terrestrial  or  marine  primary  production.  Carder  et  al.*^  found 
that  terrestrial  and  marine  CDOM  had  differing  spectral  signatures.  For  a  given  river  plume,  however,  CDOM 
images  can  be  mapped  into  salinity  images  from  AVIRIS  . 

Other  factors  that  can  affect  the  underwater  light  field  and,  hence,  remotely  sensed  water  color  in  coastal 
areas  are  suspended  sediments  (associated  with  riverine  input  or  resuspended  from  the  bottom  by  currents),  the 
magnitude  and  shape  of  the  particle  size  distribution  (phytoplankton  blooms  and/or  aggregation  can  have 
significant  effects  on  water  clarit/*^)  and  bottom  albedo.  For  an  optically  thick,  homogenous  ocean  (e.g.,  well- 
mixed,  deep  water),  the  following  equation*^*^'  describing  remote  sensing  reflectance,  R„,  can  be  applied: 

R„(X)  =  U(X)/E^(X)  =  {0.33bb(X)/Ia(X)+bb(X)l}(t/n)2/Q,  (1) 

where  the  parameters  which  are  functions  of  the  wavelength  X  are  noted.  Here  L,,,  is  the  water-leaving  radiance 
measured  from  space,  is  the  downwelling  irradiance,  b^,  and  a  are  the  backscattering  and  absorption 
coefficients  of  water  and  its  suspended  particles,  and  Q  =  E„(X)/L„(X)  (the  ratio  of  the  upwelling  irradiance  to 
the  upwelling  radiance),  is  onb;  sakly  dependent  upon  X  (Gordon  and  Morel^).  The  squared  term  provides 
for  the  radiance  divergence  a>^ .  .:r  transmittance,  t,  of  radiance  leaving  the  water.  The  index  of  refraction 

of  seawater,  n,  is  about  1.334.  Vh^s  equation  contains  no  provision  for  transpectrai  phenomena  such  as  water- 
Raman  scattering  (considereJ  e^iigible  for  near-shore  environments)  or  fluorescence  due  to  CDOM  and 
chlorophyll  a  (not  necessarily  negligible  for  certain  wavelengths).  Provision  for  these  can  be  made  by  adding 
an  additional  term^’’^^'^*^. 
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For  an  optically  shallow  environment  (e.g.  depths  shallower  than  about  2.0  optical  thicknesses),  bottom 
reflectance  needs  to  be  considered.  Equation  1  can  be  expanded  as  follows: 

R„(X),  =  R„(X)a(l-exp{-[kd(X)+k„(X)lD})  +  (t/n)2(a/ir)exp{-[kd(X)+k„(X)]D},  (2) 

where  the  subscripts  s  and  d  depict  shallow-  and  deq)-water  conditions,  a  is  the  bottom  albedo,  the  bottom 
reflectance  is  considered  to  be  Lambertian  [e.g.  E„(X) »  xI^(X)  at  the  bottom],  and  D  is  the  water-column  d^th. 
The  term  (l-exp{-[k(|(X)+k„(X)]D})  only  becomes  important  when  the  depth  D  is  smaller  than  about  O.S  optical 
dq)th.  The  dif^se  attenuation  coefficients  k^  and  k^  are  for  downwelling  and  upwelling  light,  respectively,  and 
are  largely  a  function  of  a(X)  +  b|,(X)  multiplied  by  the  average  slant-path  enhancement  of  the  rays  relative  to 
the  vertic^*’^®. 


Satellite-  or  aircraft-derived  ocean  color  data  can  be  used  to  extrapolate  from  the  data  acquired  on  ship 
or  AUV  transects  across  or  along  the  coastal  transition  zone  of  the  ocean.  Alternatively,  in  situ  data  can  be  used 
to  validate  algorithms  used  with  remotely  sensed  data. 

Once  the  atmospheric  effects  have  been  removed  from  remotely  sensed  data,  Eqs.  1  and  2  can  be 
validated  by  comparing  remote-sensing  reflection  (R„(X))  values  to  in  situ  measures  of  R„(X)  and  the  combined 
terms  found  on  the  right  sides  of  the  equations.  Of  these,  the  bottom  albedo,  a(X),  is  the  most  stable,  with  short¬ 
term  temporal  variability  expected  to  be  relatively  low.  This  argues  that  a  could  be  mapped  before  or  after  a 
major  field  validation  effort.  This  mapping,  however,  would  be  prohibitively  time  consuming  from  a  surface 
vessel  using  instrumentation  hung  over  ^e  side.  A  properly  instrumented  tow-body  could  provide  the  required 
areal  coverage  but  altitude  control  and  obstacle  avoidance  near  the  bottom  would  be  problematic,  especially  in 
rough  weather.  Bottom  mapping,  however,  is  an  ideal  mission  for  an  AUV. 

The  primary  remaining  validation  variables  that  require  measurement  are  R„(X),  a(X),  and  b|,(X)  from 
Eq.  1  and  kj(X)  and  k„(X)  from  Eq.  2.  The  water  depth  D  can  also  be  determined,  often  after  the  fact,  using 
depth  charts  and  tidal  models.  This  information  is,  however,  readily  available  in  an  AUV  deployment. 

R„(X)  can  be  measured  near  the  surface  from  an  AUV  measuring  the  downwelling  irradiance  Ej(X,z)  and 
upwelling  radiance  Ly(X,z),  where  z  indicates  sensor  depth.  By  programming  vehicle  depth  changes  (Fig.  7), 
these  values  can  be  obtained  for  different  depths,  and  difflise  attenuation  coefficients  are  obtained  through 

Ed(X,z  -I-  Az) = Ej(X,z)exp[-kd(X,z)*Az] ,  (3) 

and  a  similar  expression  for  k„(X,z)  involving  L„  instead  of  E^.  Instruments  have  been  developed  to  provide 
direct  measurements  of  beam  attenuation,  c,  and  absorption,  a,  at  9  wavelengths  and  also  yield  the  total  scattering 
coefficient  b  since  b  =  c  -  a.  Backscattering  sensors  are  also  available  for  several  wavelengths  and  multi-channel 
volume  scattering  /3(d)  instruments  are  under  development. 

All  of  these  instruments  can  be  incorporated  into  the  sensor  suite  of  a  UUV  (that  is,  an  ROV  or  an  AUV) 
that  also  includes  temperature,  salinity,  beam  attenuation,  pressure  (depth),  height  above  bottom,  water  and 
bottom  velocity  relative  to  the  AUV,  and  six-color  bottom  imagery  for  albedo/fluorescence. 

4.11  AUV  Deployment  Scenario 

Ocean  color  measurements  require  a  solar  zenith  angle  which  allows  adequate  light  penetration  into  the 
water  column.  For  the  purpose  of  illustration,  we  will  use  a  six-hour  sampling  window,  from  1000  to  1600 
hours.  An  ideal  mission  scenario  would  utilize  multiple  OVII  vehicles  to  maximize  areal  coverage  during  the 


SP/£  Vol.  2258  Ocean  Optics  XII  (1994)  /  29 


sample  window.  Even  a  single  OVII,  however  provides  coverage  not  available  with  a  surface  vessel.  For  wato* 
depA  of  30  m,  for  example,  it  is  desirable  to  obtain  bottom  albedo  as  well  as  optical  vertical  profiles  and  the 
AUV  would  cruise  at  25-28  m  depth  obtaining  down-welling  irradiance  and  upwelling  radiance  spectra.  The 
upwelling  radiance  would  include  any  contribution  from  the  bottom.  If  opticid  profiles  were  desired  at  one- 
kilometer  intervals,  for  example,  the  AUV  could,  every  kilometer,  rise  to  20  m,  level  off,  cruise  for  10  seconds 
acquiring  data,  perform  the  same  tasks  at  IS,  10,  and  S  m,  and  then  dive  back  to  25  m  (see  Figure  7).  Assuming 
an  OVII  cruise  speed  of  4  knots,  a  vertical  ascent  rate  of  0.5  m/sec  and  descent  rate  of  1 .0  m/sec,  10-second 
cruises  at  interm^iate  depths,  and  vertical  profiling  stations  at  one  kilometer  intervals,  the  OVII  could  complete 
43  sample  stations  (that  is,  acquire  43  vertical  profiles  underway),  and  map  90%  of  the  bottom  along  the  transect. 


One  vertical  profile/km  =  90%  coverage  in  30  m  depth 


(profile  detail) 


Figure  7.  Vertical  profiling  scenario  for  an  AUV  which  minimizes  measurement  perturbations  which  can  be  induced  b> 
vehicle  pitch-angle.  The  neural  node  containing  the  3-axis  tilt  sensor  communicates  with  the  optical  instrumentation  node 
and  measurements  are  taken  during  level  flight. 


(n-l-l)x(m4-1)  stotions  ore  required 


1  0  km^ 


31  km^ 


Surface  Vessel 


AUV 


For  a  transect  bracketing  1  km,  (n— 1  )/2  stations  are  required 


8  km 


20  km 


Figure  8.  Areal  coverage  provided  by  a  surface  vessel  and  by  an  AUV  both  performing  vertical  optical  profiles  within  a  6- 
hour  sample  window.  See  text  for  discussion. 
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For  contrast,a  surface  vessel  with  an  experienced  crew  able  to  perform  a  vertical  optical  profile  in  only 
IS  minutes,  and  allowing  an  additional  5  minutes  to  steam  to  the  next  station,  could  only  complete  18  stations 
and  would  have  albedo  measurements  of  a  very  small  percentage  of  the  bottom.  Figure  8  shows  Ae  areal 
coverage  provided  in  Ais  scenario  by  a  surface  vessel  and  an  AUV  for  a  grid  wiA  a  station  spacing  of  1  km  and 
for  a  mi^ping  mission  wiA  Ae  transect  stations  bracketing  a  1  km  swaA.  In  Ae  grid  mission,  Ae  AUV  is  210% 
more  efficient  in  obAining  vertical  profiles  Aan  Ae  surface  vessel  and  is  150%  more  efficient  in  Ae  transect 
mission.  Addtionally,  Ae  bottom  all^o  daA  is  easily  obtained  wiA  an  AUV  but  is  essentially  not  available  hrom 
a  surface  vessel. 


S.O  SUMMARY 

The  technology  enabling  Ae  use  of  air-  and  space-borne  optical  sensors  to  study  coastal  waters  is  r^idly 
advancing  in  response  to  our  growing  awareness  of  Ae  importance  of  Aese  areas  to  global  concerns.  The 
calibration,  algoriAm  validation,  and  interpretation  of  Ae  remotely  sensed  data,  however,  requires  Ae  collateral 
development  of  instrumenution  and  platforms  capable  of  providing  ground-truA  in  Ae  complicated  coastal 
environment. 

The  instrumenAtion  described  herein  provides  high-resolution  particle  size  distributions,  hypmpectral 
measuremenA  of  Ae  underwater  light  field,  and  spectral  bottom  albedo.  These  when  combined  wiA  oAo* 
commercially  available  instrumenA,  will  allow  us  to  approach  optical  model  closure  in  coastal  waters,  and 
calibrate/validate  alforiAms  for  remote-sensing  platforms. 

Finally,  we  feel  Ae  UUV  platforms  described  herein  are  requisite  componenA  in  Ais  endeavor.  The 
ROV  allows  precise  vertical  positioning  of  optical  instrumentation  away  from  ship  shadow.  It  also  allows  for 
sensor  package  integration  and  testing  prior  to  iA  incorporation  into  an  AUV,  Ae  weaAer-indq)endent,  cost- 
effective,  underwater  platform  of  Ae  fuAre. 
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ABSTRACT 

A  prototype  in  situ  multi-srasor  fiber  optic  fluorometer  is  described  which  was  designed  to  acquire 
long  term  time-series  fluorescence  measuremrats.  The  multi-sensor  system  uses  dual  detectors  with 
four  excitation  sources,  thereby  providing  for  indepradrat  measuremrats  at  eight  srasor  locations. 
Strobe  excitation  light  of  wavelength  <  500  nm  is  passed  through  one  of  each  pair  of  optical  fibers  and 
stimulated  chlorophyll  fluorescence  is  carried  back  to  a  photomultiplier  tube.  The  excitation  and 
detection  hardware  are  enclosed  in  a  pressure  case  alrag  with  a  battery  operated  SOO  kHz  data 
acquisition/storage  system.  Aspects  of  the  design  of  the  fiber  optic  srasor  are  described  which  were 
intended  to  optimize  detection  of  fluorescence  signals  and  minimize  interferrace  by  ambient  light. 

An  illustration  of  the  utility  of  fiber  optics  for  fluorescrace  measuremrats  was  made  by  comparing 
a  prototype  fiber  optic  profiling  fluorometer  with  a  commracial  fluorometer.  Time  series  fluorescrace 
measurements  were  made  with  the  multi-sensor  fluorometer  in  the  Gulf  of  Mexico,  and  revealed 
chlorophyll  variability  in  the  benthic  boundary  layer.  The  results  demonstrated  that  the  newly  developed 
in  situ  fluorometer  is  well  suited  for  remote  and  high  resolution  fluorescence  measuremrats. 


1.  INTRODUCTION 

The  measurement  of  chlorophyll  fluorescence  is  becoming  increasingly  important  in  studying  biological 
processes  in  the  ocean  and  in  situ  fluorometry  is  widely  used  to  provide  estimates  of  chlorc^hyll 
concentrations  or  phytoplankton  biomass  in  both  spatial  and  temporal  scales  of  distribution’'^^.  Moored 
fluorometras  provide  information  on  the  temporal  variability  of  phytoplankton  biomass,  whereas 
profiling  instruments  are  used  to  give  both  horizontal  and  vertic^  distributions  of  phytoplankton 
variability.  Fluorescrace  measuremrats  have  an  advantage  over  other  optical  measuremrat  techniques 
due  to  their  sensitivity  and  ease  of  measuremrat,  although  fluorescence  yield  (the  ratio  of  fluorescrace 
signal  to  chlorophyll  concentration  within  the  fluorescrace  detection  volume)  can  be  inflimnced  by 
various  physiological  factors’  *  ’ . 

The  property  of  optical  fibers  to  efficiently  transmit  a  variety  of  optical  signals  due  to  their  large 
bandwidth  malms  them  ideally  suited  for  applications  to  measure  fluorescrace  signals  remotely  in 
oceanographic  environments.  Use  of  fiber  optics  to  make  in  situ  measuremrats  of  raviitmmratal 
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variables,  including  fluorescence  measurements  have  been  rq)orted‘°.  Here,  we  describe  a  novel  multi¬ 
sensor  fiber  optic  based  fluorometer  that  was  developed  to  measure  chlorophyllous  pigment 
concentrations  primarily  in  the  benthic  boundary  layer.  Measurements  made  with  a  single  soisor  fiber 
optic  fluorometer  were  used  to  evaluate  performance  of  different  system  components  that  were  later 
incorporated  into  a  muld-smsor  system.  The  prototype  system  was  tested  and  evaluated  during  two 
cruises  undertaken  in  the  Gulf  of  Mexico,  and  their  results  are  presoited. 


2.  MATERULS  AND  METHODS 

In  general,  chlorophyll  fluorescence  is  characterized  by  a  broad  excitation  spectrum  centered  around 
43S  nm  (blue)  and  a  narrow  emission  spectrum  at  685  nm  (red)‘.  The  basic  optical  configuration  of 
a  single  sensor  system  used  to  evaluate  the  system  components  of  a  multi-sensor  fiber  optic  fluorometer 
is  shown  in  Fig.  1.  It  uses  a  strobe  (EG&G)  to  gmerate  the  excitation  light,  dual  optical  fibers  (3M) 
to  guide  the  light  to  or  from  the  sampling  volume,  and  a  photomultiplier  (Hamamatsu  HC-12S)  to  d^ect 
the  fluorescence  emission  signal.  The  strobe  excitation  light  is  filtered  by  a  broad  band  blue  filter 
(Schott  BG28)  and  is  focused  by  a  lens  onto  the  md  of  a  600  ftm  optical  fiber,  which  guides  the  light 
to  the  sampling  volume.  The  fluorescence  emission  light  from  the  sampling  volume  is  guided  by 
another  600  /<m  optical  fiber  to  a  detection  system  made  up  of  a  photomultiplier  tube  (PMT)  fitted  with 
a  front  end  narrow  bandpass  interference  filter  (Edmond  G43140)  centered  at  675  nm. 


lens 


Figure  1.  Basic  optical  configuration  of  a  single  sensor  system. 


2.1  The  Optical  fibers 

The  q>tical  fiber  used  in  the  fluorometer  is  a  600  ^m  plastic  clad  silica  core  stq>-index  fiber  (3M) 
with  broad  spectral  transmissitm  characteristics.  As  the  OH  radical  is  the  only  impurity  known  to  cause 
absorption  in  high  silica  fibers",  fiber  with  low  OH  material  was  selected,  having  good  spectral 
characteristics  in  the  range  of  interest.  The  plastic  cladded  silica  core  fibers,  additionally  have  a  kevlar 
reinforced  PVC  jacket  for  protection  from  external  forces.  Studies  have  shown  that  the  light  coupling 
efficiency  is  proportional  to  a  first  approximation  to  the  fiber  optic  numerical  aperture  (NA)  and  the 
core  diameter",  which  defines  a  cone  of  emission  or  acceptance  volume.  Fig.  2  shows  geometrically 
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the  r^ions  of  ^tial  depmdence*^  that  describe  the  excitation  and  detection  fields.  The  active  region 
of  illumination  can  be  found  from  the  following  equations: 

NA  =  sin  ($)  (1) 

and  Zq  =  a/tan($)  (2) 

where  a  is  the  fiber  optic  core  radius.  For  the  optical  fiber  chosen,  the  NA  in  water  is  0.3 1 ,  $  ( = 18“) 
defines  the  total  cone  angle  of  36°,  and  the  length  of  the  conical  region  adjacent  to  the  fiber  face  where 
the  illumination  intensity  is  constant,  4,  is  equal  to  0.93  mm.  For  region  B,  the  spatial  depradence  of 
the  illumination  intensity  approaches  an  inverse  square  law.  The  conical  sections  defined  by  A  and  C 
contain  the  largest  signal,  whereas  it  is  much  reduced  in  regions  B  and  D. 


Figure  2.  Cross  sectional  view  of  the  illumination  and  collection  fields  of  an  optical  fiber;  a  =  radius 
of  fiber;  regions  A,  B,  C  and  D  define  cones  of  different  illumination  intensity. 

Selection  of  the  optical  fibers  involved  considerations  of  cost,  performance  and  ease  of  use  in  the 
ocean  environment.  From  above,  it  is  seen  that  the  light  detection  efficiency  of  an  optical  fiber  depends 
on  the  numerical  aperture  and  the  fiber  core  diameter,  with  the  active  sampling  volume  increasing  with 
larger  values  of  both  the  parameters.  However,  large  core  optical  fibers  are  susceptible  to  breakage 
and  difficult  to  handle  in  the  harsh  oceanic  environment.  A  trade  off  is  therefore  involved  in  the 
selection  of  the  core  size  for  the  optical  fibers. 


2.2  The  optical  sensor 

The  optical  sensor  for  the  fluorometer  is  made  up  of  a  pair  of  bare  polished  fiber  rads  of  the 
excitation  and  emission  fibers  that  are  oriented  at  an  angle  to  each  other.  The  active  sampling  volume 
is  a  cone  defined  by  the  numerical  aperture  and  the  fiber  core  diameter.  The  overlap  between  the 
excitation  and  collection  cones  is  the  region  of  sampling  volume  from  which  fiuorescrace  is  measured. 
Different  optical  probe  configurations  were  tested  in  laboratory  experiments.  The  polished  fiber  srasor 
rads  were  held  together  at  different  angles  and  distances  by  a  holder.  The  fiuorescrace  response  of  the 
srasor  was  evaluated  in  a  solution  of  coproporphyrin  (Aldrich  Chem.  Co.),  a  substance  with 
fluorescence  properties  similar  to  chlorophyll.  Tlie  use  of  this  solution  enabled  fluorescence  response 
of  the  optical  fibers  to  be  evaluated  without  the  variability  due  to  chemical  degradation  of  chlorophyll. 
For  the  double  fiber  configuration,  an  approximate  angle  of  30^  between  the  axis  of  the  two  fibers  gave 
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the  best  fluorescence  reqxmse  (Fig.  3).  The  total  fluorescence  flux  collection  will  originate  from  the 
volume  of  interaction  of  the  cones  subtended  by  dm  two  fibers.  Aldiough  theor^cally,  die  common  area 
could  be  infinite  dime  is  a  trade  off  between  attenuadmi  of  light  over  distance  and  volume  of  interaction. 
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Figure  3.  The  dual  fiber  sensor  configuration  set  Figure  4.  The  fiber  optic  sensor  with  baffles 

to  30°  interfiber  angle.  reduce  ambient  light  effects. 

Fluorometers  have  been  found  to  be  sensitive  to  extraneous  light‘°,  that  may  cause  interference  in 
fluorescence  measurements  during  daylight  operatitHis.  We  addressed  this  problem  by  designing  and 
testing  a  series  of  sensors  with  different  light  baffle  configurations.  Fig.  4  shows  the  concqitual  design 
of  a  fiber  optic  sensor  with  a  baffle  system  to  reduce  ambient  light  effects.  We  are  currtndy  examining 
different  baffle  designs  in  an  effort  to  introduce  minimal  ambient  light  with  maximal  water  flow. 


2.3  The  multi-sensor  fiber  optic  fluorometer 

The  multi-sensor  fiber  optic  fluorometer  is  designed  to  obtain  chlorophyll  fluorescence  at  multiple 
tilths  for  estimating  the  distribution  and  abundance  of  particulate  pigment  biomass.  It  is  a  battery 
qierated  system  with  ciqiability  for  long  term  deployment,  autonomous  operation,  and  high  sampling 
frequencies  (1  Hz).  The  large  number  of  sensors  provides  capability  for  increased  vertical  resolutitxi, 
the  present  system  designed  to  measure  fluorescence  at  eight  Afferent  locations  in  a  water  column.  A 
schematic  of  the  in  situ  multi-sensor  fluorom^r  is  shown  in  Fig.  S,  and  ccmsists  primarily  of  an 
qjtical,  an  electronic  and  a  mechanical  system.  The  c^tical  system  is  comprised  of  4  strobes,  2 
photomultipliers  and  8  optical  sensors.  Each  strobe  (EG&G)  has  a  front  aid  lens  and  filto’  assembly, 
that  is  coupled  to  a  connector  with  a  pair  of  excitation  fibere  that  leads  to  the  optical  sensors.  Tlie 
detection  fibers  convey  the  fluorescence  emission  light  from  the  optical  sensors  to  (me  of  the  two 
detecting  (Hamamatsu  HC-12S  friiotomultiplier)  having  a  front  end  int^erence  fllto’  (Edmond  G43140) 
with  a  peak  at  675  nm  and  a  bandwidth  of  10  nm  [foil  width  at  half-maximum  (FWHM)  intensity].  The 
intensity  of  the  strobe  is  mcmitored  with  a  phototransistor.  Fiber  loigths  from  the  sensors  to  the 
instrument  casing  ranged  from  2  to  5  meters. 

The  system  operaticm  is  ccmtrolled  by  a  Tattletale  7  microcomputer  with  120  Mb  hard  disk  drive  for 
data  storage.  The  data  acquisiticm  system  has  a  500  kHz  analog-to-digital  ctmverter  (Ocean  Optics 
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PCIOOO)  that  digitizes  the  fluorescence  signal  from  the  2  PMTs.  Control  software  for  initiating  the 
strobes,  multiplexing  the  PMTs  and  the  data  stream,  signal  pre-processing,  and  data  recording  was 
developed  in  ’Aztec-C’  language.  During  field  operation,  system  control  and  data  offloading  is  via  a 
serial  RS-232  link  through  an  underwater  connector. 
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Figure  S.  A  schematic  of  the  in  situ  multi-srasor  fiber  optic  fluorometer. 

Fiber  optic  poietrators  were  designed  specifically  for  this  {qpplication  to  provide  an  q)tical  path 
betwera  die  inside  of  the  pressure  casing  and  the  external  ravironmrat  (i.e.,  from  the  sensors  to  the 
strobes  and  the  PMTs).  The  penetrators  use  a  600  /tm  optical  fiber  as  an  int^ral  wav^uide  within  a 
metal  housing*^.  Interior  and  exterior  SMA  fiber  optic  couplings  provide  mounting  capability  to  the 
fibers.  Laboratory  tests  have  shown  optical  coupling  losses  of  the  penetrator.  These  have  bera  reduced 
by  using  index  matching  liquid  (Norland  P/N  9000)  to  fill  the  gap  between  the  fiber  tips  and  the 
penetrator  optics.  An  O-ring  sealed  connector  and  recqitacle  was  used  to  make  the  poietrator  optics 
watertight.  The  instrument  pressure  housing  is  construct^  of  standard  6061  A1  alloy  cylindrical  tiding 
(dimensions:  40  inches  length  and  6  inches  diameter)  and  has  flat  end  plates  fitted  widi  pressure  rated 
double  ’O’  ring  type  seals. 


2.4  Calibration 

The  single  and  multi-soisor  fiber  optic  fluorometer  were  calibrated  at  differait  concratrations  with 
laboratory  grown  pure  phytoplankton  cultures  {Nannochloris  atomis  Butcher,  clone  GSB  Nanno  from 
the  Bigelow  Laboratories  Culture  Collection  of  Marine  Phytoplankton).  The  calibration  was  performed 
for  different  cell  concentrations  in  artificial  seawater'*  (ASW).  The  culture  samples  wm«  filtned  rnito 
glass  fiber  (Whatman  GF/F)  filters,  ground  and  extracted  in  10  mL  of  90%  acetcme.  The  extracts  were 
re-filtered  trough  GF/F  filters  and  the  concentrations  of  chlorophyll  a  and  phaeopigmoits  determined 
fluorometrically'^  using  a  Turner  Designs  (10-(X)5R)  fluorometer. 
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3.  RESULTS  AND  DISCUSSIONS 


Laboratory  evaluation  of  the  optical  fiber  sensor  design  involved  experiments  to  determine  the 
optimum  interfiber  angle  and  distance.  The  optimum  configuration  was  found  to  be  30°  angle,  with  the 
fiber  sensor  ends  separated  by  a  distance  of  <  =  0.1  mm.  Fig.  6  shows  a  plot  of  fluorescence  intensity 
as  a  function  of  interfiber  angle  for  the  600  fim  and  1000  /im  plastic  clad  silica  core  optical  fibers. 
EAperiments  with  the  400  /im  and  200  /xm  silica  core  fibers  gave  correspondingly  lower  fluorescence 
response,  whereas  plastic  core  fibers  showed  high  levels  of  background  emission.  Though  the  1000  /xm 
fiber  gave  slightly  higher  fluorescence  signal,  it  was  not  selected  due  to  difficulty  in  handling  this  core 
size  fiber.  Therefore,  600  /xm  core  glass  fiber  was  selected.  A  typical  fluorescence  time  scan  of 
phytoplankton  in  seawater  (Fig.  7)  displays  a  steep  increase  in  fluorescence  signal  corresponding  to 
increasing  intensity  of  strobe  illumination.  The  peak  fluorescence  intensity  corresponded  to  peak  in 
strobe  intensity  at  the  temporal  resolution  shown. 


Interfibpr  onqie  (deg) 


Figure  6.  Interfiber  angle  vs  relative  fluores-  Figure  7.  A  typical  fluorescence  scan  of  phyto- 

cence:  600/xm(solid  line),  1000/xm(dashes).  plankton  plotted  against  time. 

Laboratory  calibration  of  the  single  sensor  prototype  profiling  fluorometer  and  the  multisensor  system 
in  different  concentrations  of  phytoplankton  cultures  {NannocMoris  atomis  Butcher)  are  shown  in  Fig. 
8A  and  8B.  There  exists  a  high  degree  of  correlation  between  the  chlorophyll  concentrations  and  in 
vivo  fluorescence  (r^  =  0.995  and  0.996  for  the  single  sensor  and  the  multi-sensor  fluorometers 
respectively).  The  fluorometers  were  calibrated  from  0.05  to  approximately  25  /xg/1  chlorophyll.  The 
sensitivity  of  the  instrument  can  be  adjusted  by  controlling  the  gain  voltage  of  the  photomultiplier  tubes. 

Field  tests  were  carried  out  during  two  cruises  undertaken  in  the  slope  waters  of  Gulf  of  Mexico  in 
October  1993  and  May  1994  on  the  R/V  Pelican.  The  vessel  was  equipped  with  a  CTD  (Seabird), 
fluorometer,  and  transmissometer  (SeaTech)  profiling  package.  A  rosette  bottle  sampler  was  used  to 
collect  water  samples  for  fluorometric  chlorophyll  determination'^.  During  the  first  field  trial  of  the 
single  sensor  fiber  optic  fluorometer,  fluorescence  profiles  were  obtained  using  an  optical  fiber  length 
of  70  m.  Phytoplankton  pigment  concentrations  showed  variability  with  depth  (Fig.  9A),  with  a 
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chlorophyll  maximum  located  at  approximately  4S  m  depth.  In  vivo  fluorescence  measured  with  the 
fiber  optic  fluorometer  showed  go^  agreement  with  a  SeaTech  fluorometer  profile.  Fig.  9B  shows  a 
profile  obtained  during  a  second  cruise  in  May  1994  in  shallower  waters  of  the  Mississippi  River  plume 
in  the  Gulf  of  Mexico.  Peak  fluorescence  due  to  chlorophyll  was  recorded  by  the  fiber  optic  and  the 
SeaTech  fluorometer  at  similar  depths  of  approximately  4  meters.  Profiles  of  chlorophyll  concratrations 
measured  from  water  samples  obtained  from  a  CTD  cast  showed  similar  vertical  distribution  patterns. 
However,  there  was  no  evidence  of  a  decrease  in  chlorophyll  concentration  at  the  surface,  while  both 
fluorometers  showed  lower  fluorescence  in  surface  waters.  This  may  have  been  due  to  photoinhibition 
in  the  near  surface  populations. 
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Figure  8.  (A)  Chl  a  fluorescence  calibration  of  the  single  sensor  fiber  optic  fluorometer  (r*=0.995; 
N=7).  (B)  system  calibration  of  the  multi-sensor  fiber  optic  fluorometer  (P =0.996;  N=ll).  Samples 
for  calibration  are  laboratory  cultures  of  Nannochloris. 

The  multi-sensor  fiber  optic  fluorometer  was  dq}loyed  on  the  May  1994  cruise  to  investigate  temporal 
variability  in  near  bottom  pigment  gradients.  The  fluorometer  was  attached  to  a  frame  and  lower^  to 
the  sea  bottom  in  shallow  waters  off  the  Louisiana  shelf,  near  the  Mississippi  River  plume.  The  soisors 
were  mounted  at  different  depths  from  the  sea  bottom  and  fluorescence  was  recorded  at  S  minute 
intervals  over  a  period  of  six  hours.  Fig.  10  shows  a  time  series  contour  of  chlorophyll/phaeopigmoit 
concentrations  from  one  d^loyn^ent.  Chlorophyll  concentrations  were  plotted  as  a  function  of  depth 
from  the  sea  bottom.  The  instrument  was  calibrated  before  and  during  the  cruise  and  found  to  be 
stable.  Fig.  1 1  shows  vertical  profiles  of  density  (sigma-t),  fluorescence  and  beam  attrauation  (SeaTech 
fluorometer  and  transmissometer). 

The  time  series  revealed  unusually  high  levels  of  chlorqphyllous  pigment  cmicentrations  reaching  100 
mg/m^  as  recorded  by  one  of  the  fiber  optic  sensors  at  about  1.6  meters  above  the  sea  bottom.  The 
high  chlorophyll  levels  were  recorded  3  hours  after  deploymrat  and  lasted  until  recovery.  Instrumoit 
retrieval  began  at  about  18.S  hours  at  which  time  the  chlorq>hyll  levels  decreased  due  to  displacemoit 
of  the  sensor.  The  high  levels  did  not  appear  in  other  dq>loymaits  during  the  same  cruise.  Though 
water  sample  analyses  were  made  at  approximate  dq>ths  corresponding  to  the  fibo’  optic  sensors,  no 
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evidence  of  high  pigment  concentration  were  found.  Hence,  it  was  not  possible  to  corroborate  the  high 
chlorophyll  concentrations  recorded  by  the  in  situ  fluorometer.  Chlorophyll  concentrations  of  water 
samples  taken  at  depths  corresponding  to  the  other  fiber  sensors  agreed  wi^  ^ose  sensor  measurements. 
For  instance,  at  7  m  depth  the  fiber  optic  sensor  mea:  ured  around  6  mg/m^,  and  was  also  measured 
from  water  samples.  At  8  m  depth  the  fluorometer  measured  about  6-10  mg/mi’,  whereas  water  sample 
measurements  gave  S  mg/m^  of  chi  a.  The  possibility  of  the  signal  being  due  to  an  artifact  of  high 
turbidity  was  investigated  in  the  laboratory.  Tests  indicated  only  a  marginal  effect  on  the  instrument 
response. 
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Figure  9.  Fluorescence  profiles  obtained  during  two  cruises  in  the  Gulf  of  Mexico  using  the  fiber  optic 
fluorometer  in  October  93  (A)  and  May  94  (B).  Profiles  at  the  same  locations  with  a  SeaTech 
fluorometer  are  shown  for  comparison.  Hollow  circles  indicate  chlorophyll  concratrations. 

Analysis  of  the  beam  attenuation  profile  (Fig.  11)  from  a  cast  near  the  multi-sensor  fluorometer 
deployment  area  indicated  high  levels  of  turbidity  near  the  sea  bottom  and  approximately  near  the  smsor 
recording  high  chlorophyll  concentrations.  High  fluorescence  was  not  indicated  here  by  the  SeaTech 
fluorometer.  Why  the  feature  was  not  evident  in  the  SeaTech  fluorometer  profile  is  unclear.  There  was 
a  slight  fluorescence  increase  recorded  by  the  profiling  SeaTech  fluorometer,  just  above  the  high  beam 
attenuation  recorded  by  the  transmissometer.  The  fluorescence  levels  then  decreased,  which  may  be 
related  to  increased  water  turbidity.  Sigma-t  also  showed  a  large  increase  at  the  approximate  dqith  of 
high  chlorophyll  measured  by  the  in  situ  fluorometer. 

A  variety  of  reasons  may  be  attributed  to  the  high  levels  of  chlorophyll  signal  recorded  by  one  of  the 
sensors  of  the  fluorometer.  High  chlorophyll  concentrations  of  up  to  SO  mg/m?  have  been  measured 
in  the  Mississippi  River  plume'*,  though  not  reaching  the  levels  measured  by  the  fiber  optic  fluorometer. 
It  is  possible  ^at  a  layer  of  high  turbidity  waters  containing  high  concentrations  of  chlorophyll/ 
phaeopigments  was  present,  pei1uq)s  associated  with  the  high  density  gradient  at  the  salt/freshwater 
interface.  The  ability  of  a  fit^r  optic  sensor  to  measure  fine  structure  of  the  water  column  may  have 
been  required  to  resolve  such  a  feature.  More  deployments  of  the  instrument  are  required  to  validate 
such  measurements. 
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Figure  10.  Time  series  contour  of  the  benthic  boundary  layer  chlorophyll  concentrations  obtained  with 
the  in  situ  multi-sensor  fiber  optic  fluorometer  on  7  May  1994  in  the  Mississippi  River  plume,  at  a 
depth  of  approximately  10  m. 
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Figure  1 1 .  Vertical  profiles  of  density  (sigma-t), 
fluorescence  and  beam  attenuation  (SeaTech 
fluorometer  and  transmissometer)  taken  on  7  May 
in  the  vicinity  of  the  in  situ  fluorometer 
deployment  site.  Bottom  depth  was  10  m. 
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4.  CONCLUSIONS 


Preliminary  results  obtained  from  field  tests  indicate  that  reliable  fluorescence  data  are  obtainable  with 
the  fiber  optic  fluorometer.  The  instrument  is  unique  as  it  provides  the  capability  to  obtain  fluorescence 
time  series  profiles  at  different  depths  simultaneously.  Thus  far,  vertical  resolution  in  moored 
applications  of  in  vivo  fluorometers  has  been  achieved  through  deployment  of  multiple  instruments.  Our 
system  expands  the  effectiveness  of  individual  strobe  and  detector  packages  by  use  of  multiple  optical 
fibers  to  allow  increased  vertical  resolution.  The  instrument  is  capable  of  yielding  distinct  information 
about  the  biological  processes  in  the  ocean  as  illustrated  by  observations  of  chlorophyllous  particulate 
matter  in  the  benthic  boundary  layer.  Based  on  preliminary  results  the  single  sensor  profiling 
fluorometer  is  able  to  provide  fluorescence  measurements  at  high  vertical  resolution.  The  detection 
volume  of  the  fiber  optic  sensor  is  about  1  mm^  thus  allowing  the  possibility  of  studying  the  fine  scale 
structure  of  the  water  column  in  pigment  distributions.  The  flexible  design  of  the  multi-sensor  in  situ 
fiber  optic  fluorometer  using  4  strobes  and  2  photomultipliers  facilitates  future  modifications  to  give 
more  detailed  information  about  the  natural  phytoplankton  populations.  For  example,  using  different 
filters  on  the  strobe  or  on  the  photomultipliers,  it  would  be  possible  to  look  at  chlorophyllous  emission 
spectra  due  to  different  fluorescing  components  in  the  water  column  such  as  chlorophyll  a  (68S  nm)  and 
phycoerythrin  (between  570  and  590  nm)”. 

The  multi-sensor  fiber  optic  fluorometer  is  particularly  suited  to  measurements  conducted  in  the 
benthic  boundary  layer  bemuse  of  the  ability  to  place  fiber  optic  sensors  in  close  proximity  to  one 
another  and  other  instruments  (e.g.,  current  meters)  with  minimal  interference  to  the  current  regime. 
Future  deployments  of  the  instrument  will  examine  the  relationship  between  current  regime  and  fine- 
scale  gradients  in  benthic  boundary  layer  fluorescence. 
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ABSTRACT 

In  this  ptqwr  we  examine  correction  methods  for  the  scattering  error  of  reflecting  tube  absorption  meters  and 
spectrophotometers.  We  model  the  scattering  error  of  reflecting  tube  absorption  meters  for  different  tube  parameters  and 
different  inherent  optical  properties.  We  show  that  the  only  reasonable  correction  method  for  an  absorption  meter  without 
attenuation  measurements  or  a  spectrophotometer  is  the  method  in  which  the  measured  absorption  at  a  wavelength  in  the  near 
infrared  is  subtracted.  A  better  correction  is  obtained  if  attenuation  is  measured  simultaneously  and  the  absorption  at  the 
reference  wavelength  is  multiplied  by  the  ratio  of  the  measured  scattering  at  the  measuranent  wavelength  divided  by  the 
measured  scattering  coefficient  at  the  reference  wavelength.  This  is  the  proportional  method.  We  showed  that  the  important 
geometrical  parameters  of  the  reflecting  tube  can  be  obtained  by  a  comparison  of  measurements  and  models  of  polystyrene 
beads.  Finally  we  examine  the  improvements  that  could  be  obtained  if  a  direct  scattering  measurement  were  made 
simultaneously  with  the  absorption  and  attenuation  measurements. 

1.  INTRODUCTION 

The  question  of  optical  closure  cannot  be  addressed  scientifically  until  the  instrumental  problems  are  understood  and 
accounted  for.  Even  if  the  instruments  that  measure  the  inherent  optical  properties  are  perfectly  calibrated  to  some  standard, 
there  remain  design  limitations  that  will  cause  variable  errors  depending  on  the  volume  scattering  function  of  the  particulate 
constituents  of  the  water.  These  errors  need  to  be  accounted  for  and  their  uncertainty  established  to  get  correct  readings  and 
error  estimates.  On  the  whole,  these  errors  are  relatively  small  and  traditionally  have  been  ignored  in  absorption  meters  and 
spectrophotometers. 

The  reader  should  not  conclude  that  the  in  situ  devices  are  less  accurate  than  spectrophotometers,  simply  because  we 
analyze  the  errors.  In  fact  the  reverse  is  true.  Some  models  of  spectrophotometer  developed  for  analytic  chemistry  are  designed 
for  measuring  the  absorption  of  solutions  only.  These  models  make  minimal  attempts  at  collecting  the  scattered  light  and  are 
poor  choices  for  measuring  the  absorption  of  suspended  particulates.  Even  the  best  models  do  not  collect  all  the  scattered  light 
and  the  method  of  analysis  used  below  would  apply  to  them  also. 

We  will  explore  the  interaction  of  changes  in  the  volume  scattering  function  (P(6))  with  design  criteria  and  calibration 
methods  for  an  in  situ  absorption  meter  and  a  good  spectrophotometer  setup.  First  we  will  consider  the  reflective-tube 
absorption  (a)  meter* which  is  designed  to  collect  all  of  the  transmitted  light  plus  most  of  the  scattered  light.  Errors  are 
introduced  since  the  absorption  meter  misses  scattered  light  within  a  certain  angular  range,  losses  at  the  reflective  surfaces  and 
increased  pathlength  of  the  scattered  light.  Spectrophotometer  errors  using  a  cylindrical  glass  cuvette  are  quite  similar  to 
reflecting  tube  errors  as  nearly  the  same  geometry  is  used,  so  that  this  analysis  is  also  applicable  for  the  measurement  that  is 
considered  standard.  The  1  cm  square  glass  cuvette  is  limited  by  critical  reflection  off  the  front  face  at  around  50*  but  increasing 
reflection  losses  as  this  critical  angle  is  reached  limits  the  marginal  advantage  over  the  longer  tubes.  The  magnitude  of  this  error 
depends  strongly  on  the  magnitude  and  angular  shape  of  the  volume  scattering  function.  This  necessitates  (Staining  an  estimate 
of  the  scattering  error  if  the  absorption  coefficient  is  to  be  detomined  correctly. 
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2.  SCATTERING  ERROR 


Four  approaches  can  be  used  to  estimate  the  scattering  error;  1)  the  error  can  be  assumed  to  be  a  certain  percentage  of  the 
total  scattering  coefficient  (b)  and  thus  can  be  calculated  if  the  beam  attenuation  coefficient  (c)  is  measured  simultaneously  with 
the  absorption  coefficient  (average  correction);  2)  scattering  can  be  measured  over  some  angular  range  and  a  relationship 
assumed  between  the  measured  scattering  and  the  scattering  error  (scattering  meter  correction);  3)  assuming  that  at  some 
wavelength  there  is  no  particulate  absorption  and  very  little  absorption  by  dissolved  substances,  the  absorption  measurement  at 
that  wavelength  will  be  the  absorption  of  pure  water  plus  the  scattering  error  (constant  IR  correction);  and  4)  a  combination  of 
any  of  the  above  ^proaches.  A  combination  of  1)  and  3)  is  the  proportional  method  in  which  the  proportion  of  b  that  is  the 
scattering  error  is  constant,  but  b  itself  is  known  to  first  order  and  its  wavelength  dependence  is  taken  into  account. 

Attenuation  meters  also  have  a  scattering  error  which  is  caused  by  the  finite  reception  angle  of  the  receiver  and  in 
cylindrically  limited  instruments  by  the  collimation  of  the  light  source.  This  results  in  scattered  light  being  accepted  by  the 
receiver  up  to  a  well  defined  angle^  (for  well-collimated  attenuation  meters).  However,  we  have  come  to  question  whether  the 
total  scattering  coefficient  is  ever  really  finite  in  nature^.  Mie  scattering  calculations  show  that,  even  for  relatively  steeply  sloped 
size  distributions,  the  large  particles  continue  to  add  significantly  to  near  forward  scattering.  In  addition,  inhomogeneities  in  the 
density  and  temperature  of  the  water  itself  add  to  the  near  forward  scattering^.  For  the  purpose  of  this  paper,  however,  we  will 
assume  that  there  is  some  true  b  (either  actual  or  by  definition  of  some  standard  acceptance  angle)  and  that  the  scattering  error  of 
both  the  absorption  and  attenuation  meters  can  be  defined  as  a  fraction  of  this  true  b. 

A  correction  algorithm  using  simultaneous  measurements  from  c  and  a  meters  (Cm  and  a^)  results  from  simultaneously 
solving  the  following  equations  for  nonwater  absorption  and  scattering  ap  and  bp: 

Cm  =  Cyv  +  an  +  (1  -ec)bn.  ^m  =  +  ©a^n,  ( 1 ) 

where  Cw  and  aw  are  known^  and  Be  and  Ca  are  the  estimated  scattering  errors  of  the  c  and  a  meters.  This  results  in  the 
following  solutions  which  are  starred  to  denote  that  an  estimated  scattering  error  is  used: 


The  problem  to  be  resolved,  is  how  to  arrive  at  these  estimates  of  e(;(^) 
magnitude  of  errors  involved  in  the  various  methods  of  making  these  estimates.  The  problem  is  that  the  percentage  errors  of  both 
instruments  can  (depending  on  instrument  design)  vary  widely  from  location  to  location  as  the  nature  of  the  particles  changes. 
They  also  vary  spectrally. 

3.  MODELING  THE  REFLECTIVE  TUBE  ABSORPTION  METER 

Assuming  single  scattering,  we  can  estimate  the  efficiency,  0(9),  with  which  scattering  at  each  angle  is  collected  by 
numerically  integrating  along  the  path  of  the  tube  (Figure  1). 


where  a  is  the  absorption  coefficient,  L  is  the  optical  pathlength  of  the  tube,  R  is  the  reflectivity  of  the  tube,  Xp  is  the  distance 
from  the  entrance  window  of  the  tube  to  the  nth  point,  and  iDp  is  the  number  of  times  light  scattered  at  that  point  and  angle  would 
reflect  off  the  wall  of  the  tube.  We  must  then  multiply  this  factor  by  any  chosen  volume  scattering  function  p(6),  normalize  by 
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the  total  scattering  coefTicient  and  integrate  over  6  to  obtain  the  scattering  error,  65(63),  relative  to  the  total  scattering  coefficient 
as  a  function  of  acceptance  angle,  63,  of  the  detector. 

es(e3.a)=l-^J®®  p(e)D(e,a)sin(0)de  (6) 

This  equation  was  numerically  integrated.  It  applies  to  the  reflective  tube  absorption  meter  and  to  spectrophotometers  using  the 
10  cm  cylindrical  sample  cell  and  a  large  area  diffuser  in  front  of  the  detector. 

The  best  spectrophotometers  for  measuring  particulate  absorption  use  an  integrating  cavity  which  collects  all  light  passing 
out  of  the  exit  face  of  the  sample  cell.  If  the  10  cm  cell  is  used  this  is  still  the  same  as  the  previous  example.  If  a  1  cm  cell  is 
used  then  the  light  collected  is  limited  only  by  the  Fresnel  reflection  of  light  off  the  exit  face  of  the  sample  cell.  Thus  scattered 
light  is  collected  up  to  about  51°.  However,  1  cm  is  generally  too  short  a  pathlength  to  get  a  significant  signal  from  natural 
samples.  So  this  method  is  usually  used  only  with  laboratory  cultures  or  by  artificially  concentrating  the  sample.  To  examine  the 
errors  of  this  method,  the  Fresnel  reflection  equations  were  applied  to  the  water/glass  and  glass/air  interfaces  to  yield  the 
transmittance  of  the  exit  window  as  a  function  of  scattering  angle.  This  function  was  then  convolved  with  the  volume  scattering 
function  and  integrated  as  in  the  previous  analysis. . 

Many  spectrophotometers  designed  only  for  absorption  of  dissolved  substances  use  a  cylindrically  limited  light  beam  and 
then  focus  the  transmitted  light  on  the  detector  or  diode  array  with  no  effort  directed  specifically  at  collecting  scattered  light. 
The  angular  efficiency  of  these  systems  depend  on  the  geometry  of  the  light  stops,  lenses  and  detectors,  but  can  be  no  better  than 
the  reflecting  tube  design.  In  general,  they  are  much  worse,  perhaps  collecting  scattered  light  out  to  only  10°.  Thus  they  have  a 
large  scattering  error  and,  with  no  method  of  measuring  the  scattering  itself,  are  useless  for  measuring  particulate  absorption. 

A  prototype  of  the  modem  reflective-tube  absorption  meter  had  an  acceptance  angle  of  30°  and  a  tube  reflectivity  of  95%^. 
Recent  improvements^  have  increased  the  acceptance  angle  to  41°.  Theoretically,  100%  reflectivity  can  be  accomplished  by 
using  a  reflecting  tube  consisting  of  glass  with  an  air  pocket  behind  it  as  in  the  new  absorption  meters^  or  with  the  10  cm  sample 
cell  in  a  spectrophotometer  with  a  large  diffusive  collector.  Fresnel  reflection  then  gives  100%  reflection  to  about  41°.  All 
designs  considered  here  are  for  25  cm  pathlength  instruments.  A  10  cm  instrument  would  yield  slightly  lower  scattering  errors, 
but  with  a  loss  of  sensitivity.  A  combination  of  these  geometry  considerations  and  a  volume  scattering  function  model  allow  us 
to  calculate  errors  via  equation  (2). 


R 


Figure  1 .  Principle  of  the  reflective-tube  absorption  meter 
4.  VARIATIONS  IN  VOLUME  SCATTERING  FUNCTIONS 

Six  models  of  inherent  optical  properties  based  on  power  law  size  distributions  (dN  =  NoD'^dD)  have  been  examined.  The 
parameter  s  is  the  exponent  (or  slope)  of  the  size  distribution.  The  first  three  models  come  from  size  distributions  observed 
during  the  ODEX  cruise*  in  the  Pacific  Central  Gyre.  The  "Chi  Max"  was  observed^  at  the  chlorophyll  maximum  near  100  m 
depth  and  the  exponents  of  its  size  distribution  were  3.63  from  2  to  6.6  pm  diameter  and  4.96  from  6.6  to  16  pm  diameter. 
Slopes  for  the  "Mixed  Layer"  (0-50  m)  were  similarly  2.97  and  5.41  and  for  the  "Deep"  water  (125  m)  were  3.92  and  4.96.  The 
Mie  scattering  was  computed  for  three  layered  spheres with  an  outer  layer  with  thickness  10%  of  the  radius  and  an  index  of 
refraction  equal  to  1.09  with  no  absorption.  The  core  radius  was  80%  of  the  radius  of  the  inside  of  the  shell.  The  core  had  an 
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index  of  refraction  of  1.02.  The  layer  between  the  core  and  the  shell  had  an  index  of  refraction  of  af^iroxiinately  1 .09  (adjusted 
to  reflect  the  anomalous  dispersion  effect)  and  had  an  imaginary  component  as  well  to  model  an  abso^ing  chloroplast  layer.  The 
real  part  of  the  index  of  refraction  for  the  chloroplast  layer  used  here  is  different  from  that  used  by  Kitchen  and  Zaneveld*^ 
because  the  higher  index  appears  to  be  more  reasonable^  The  Mie  scattering  was  computed  on  the  above  size  distributions 
extrapolated  from  O.S  to  30  pm  diameter. 

The  particles  in  the  bottom  nepheloid  layer  (BNL)  are  assumed  to  be  detrital  particles.  Therefore,  we  modeled  the  BNL 
using  a  homogeneous  sphere  with  an  index  of  refraction  of  1.09  -  0.005/  and  a  particle  size  distribution  exponent  (as  defined 
above)  of  S.  In  order  to  bracket  the  possible  volume  scattering  function  shapes  we  calculated  the  errors  for  two  extreme  cases. 
We  also  used  uniform  s>opes  of  3.0  and  5.0  with  our  3-layered  sphere  Mie  model.  The  forma-  might  represent  a  diatom  bloom  in 
coastal  upwelling  areas,  while  the  other  might  represent  a  population  dominated  by  bacteria  and  small  phytoplankton. 

5.  RESULTS 

5.1  Calculation  of  e,  and  for  various  reflecting  tube  characteristics  and  scattering  functions. 

The  scattering  errors  for  a  collimated  beam  c  meter  as  a  percentage  of  the  total  scattering  coefficient  are  computed  (Table  I) 
by  integrating  the  volume  scattering  function  for  particles  out  to  the  acceptance  angle  (modeled  at  0.4°  or  0.9°)  of  the  detector 
divided  by  the  total  scattering.  Table  11  displays  the  results  of  our  calculations  as  described  in  the  first  paragraph  for  various 
absorption  meter  designs  with  varying  reflectivities  of  the  reflecting  tube  and  assuming  no  detection  of  scattered  light  beyond  the 
angle  given.  Again  the  percentages  given  are  percentages  of  the  total  scattering  coefficient  that  are  erroneously  included  in  the 
absorption  measurement  for  the  design  with  the  reflection  coefficient  and  maximum  acceptance  angle  as  given.  Calculations  for 
a  total  absorption  coefficient  of  0.400  m'*  were  carried  out  for  ail  designs.  The  absolute  value  of  the  absorption  coefficient  only 
contributes  to  the  error  via  the  correction  for  increased  pathlength  of  the  scattered  photons  which  appears  to  be  minimal  for  a  = 
0.400  m'^  and  is  seen  (Figure  2)  to  be  only  a  weak  influence  on  the  error,  since  the  error  only  increases  slowly  with  increasing 
absorption  coefficient. 


Table  I  Scattering  errors  for  attenuation  meters  for  the 
six  models  of  particle  size  distribution 


c  Meter  Errors  (Be) 

2 

II 

0C  =  O.9° 

"BNL" 

0.24% 

1.12% 

"Chi  Max" 

1.18% 

5.28% 

"Mixed  Layer" 

1.36% 

6.24% 

"Deep" 

1.02% 

4.90% 

SL=3 

4.80% 

16.90% 

SL=5 

0.42% 

1.97% 

Median 

1.10% 

5.09% 

5.2  Dependence  of  Bn  and  6^  on  b/a  using  an  average  correction. 


Values  of  am  were  computed  for  the  various  designs  and  water  types  assuming  Cw  =  dw  =  0.364  and  ap  =  0.036.  bn  was 
assigned  values  of  1, 2,4,8  and  16  times  ap.  Then  ap*  was  computed  using  equation  (2)  assuming  the  median  scattering 
ach  desien  as  disolaved  in  tables  I  and  11  vieldine  the  following  algorithms; 


ossigncu  values  ui  i,^,*t,o  onu  lo  nines  op.  men  «ip^  was  cumpuieu  using  cquauon 
corrections  for  each  design  as  displayed  in  tables  1  and  11  yielding  the  following  algorithms: 
ap*  =  1.1 379(am  -  0.364)  -  0. 1 379  (Cm  -  0.364)  for  R  =  95%,  Omax  =  30°,  Oc  =  0.9° 

-  *  1.1063(am- 0.364) -0.1063  (Cm -0.364)  for  R  =  95%,  0max  =  41°,  Oc  =  0.4° 

1 .0416(am  -  0.364)  -  0.0416  (Cm  -  0.364)  for  R  =  100%,  0max  =  41°,  0c  =  0.4° 


®n 
an*  = 

an*  = 


(7) 

(8) 

(9) 
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Table  II.  Scattering  errors  for  absorption  meters  for  the  six  models  of  particle  size  distribution. 


a  Meter  Errors  (Oa) 
an4an»0.400 

Rs95%, 

®max  =  30‘’ 

R=9S%, 
^max  = 

Rsl00%, 

8fnax-30° 

R=:100%, 
emax  =  41» 

Best 

Spectro- 

"BNL" 

18.0% 

14.0% 

9.9% 

4.1% 

3.2% 

"Chi  Max" 

10.8% 

8.9% 

6.6% 

3.8% 

3.0% 

"Mixed  Layer" 

8.9% 

7.3% 

5.3% 

3.0% 

2.3% 

"Deep" 

12.2% 

10.1% 

7.6% 

4.4% 

3.4% 

SL=3 

8.9% 

7.3% 

5.9% 

3.6% 

2.9% 

SL=5 

18.6% 

15.2% 

12.0% 

7.0% 

5.6% 

Median 

11.50% 

9.50% 

7.10% 

3.95% 

3.10% 

fhma  Petzold 

Gyre  deep 

16.6% 

13.5% 

13.5% 

8.4% 

6.1% 

Coastal  mixed 

12.2% 

10.0% 

9.3% 

5.7% 

4.2% 

Harbor 

17.0% 

14.2% 

13.8% 

9.2% 

6.9% 

Average 

15.3% 

12.6% 

12.2% 

7.8% 

5.7% 

The  resulting  relative  percent  errors  in  absorption  coefficients  (Figure  3)  as  a  function  of  bp/Sp  show  the  relative  importance  of 
angular  acceptance  and  tube  reflectivity  on  the  accuracy  of  the  absorption  computed  in  this  manner.  The  error  for  uncorrected 
absorption  measurements  from  the  spectrophotometer  with  inte^ating  cavity  and  the  I  cm  cell  (Figure  3d)  is  similar  to  that  for 
the  poorer  designs  of  reflecting  tube.  We  show  the  uncorrected  error  for  the  spectrophotometer  since  attenuation  measurements 
are  not  usually  available  for  spectrophotometric  measurements.  Also  shown  are  similar  calculations  using  volume  scattering 
functions  from  Petzold^^.  Values  from  the  first  degree  were  not  included  in  b  since  there  are  known  diffraction  errors  in 
Petzold’s  instrument.  The  errors  using  these  measured  volume  scattering  functions  are  higher  than  our  modeled  values  indicating 
that  we  may  not  have  included  small  enough  particles  in  our  model  or  that  we  don’t  have  the  distribution  of  particle  structures 
close  enough.  However,  the  relative  behavior  of  the  errors  with  water  type  and  the  size  of  the  variation  are  quite  similar  between 
our  models  and  Petzold’s  data. 


Toad  UMopcioa  coeflicicM 

Figure  2.  Effect  of  the  total  absorption  coefficient  on  the  scattering  error. 
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w.  h,. 

Figure  3.  Errors  in  the  cwrected  absorption  after  correcting  for  the  scattering  error  using  the  median  correction  (see  Tables  I  and 
n)  except  for  (d)  which  is  not  corrected  since  attenuation  data  is  not  normally  available  for  spectrophotometers. 

S3  A  correction  scheme  nsiiig  measured  absorpdoD  in  the  near-inlhUTd. 

For  what  follows  we  assume  that  pure  water  absorption  and  attenuation  have  been  subtracted.  For  a  given  wavelength,  X , 
the  absorption  tube  overestinutes  the  absoiption  coefficient  as  it  does  not  measure  all  of  the  scattered  light  Designate  die 
proportion  of  the  total  scattering  coefficient  that  the  device  does  not  receive  by  e^CX).  If  the  shape  of  the  scattwing  function 
does  not  change  much,  we  may  assume  that  ea(X)  is  not  a  function  of  X. 

We  assume  that  the  fraction  of  the  scattered  light  not  received  by  the  absorption  mrtcr  is  independent  of  wavelength.  We 
designate  the  true  absorption  coefficient  at  a  wavelength  by  a((X),  and  the  measured  absorption  coefficient  by  a^(X).  Similarly 

Ct(X)  uid  Cpf^(X)  are  the  true  and  measured  attenuation  coefficients,  respectively.  We  define  the  scattering  coefficients  similarly: 


bt(X)«c,(X)-aj(X)  (10) 

^m(^ )®  Cm(^)  *  (1 1) 

Assuming  that  Og  and  e,.  are  not  functions  of  X,  we  then  set: 

®t<^)  =  SmW  -  «aW.  “Kl  (12) 

Ct(X)  =  at(X)  +  b,(X)  =  c,„(X)  +  ecb,(X).  (13) 
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We  now  subtract  equation  (12)  from  (13): 

b,(X)  =  bm(X)  +  b,(X)[ec+ea].  (14) 

so  that:  b,(X)  =  bn,(X)/(1 -60-63)  (15) 

We  see  that  the  measured  scattering  coefficient  spectrum,  b3,(X),  is  proportional  by  a  constant  [1/(1  -60-63^  to  the  true  scattering 
spectrum.  We  may  then  conclude  that: 

bt(Xi)/b,(X2)  =  bm(Xi)A)m(X2)  (16) 

We  thus  see  that  the  acceptance  angle  of  the  attenuation  meter  is  immaterial,  given  the  assumptions  above. 

We  now  assume  that  there  is  some  reference  wavelength,  Xf,  at  which  the  absorption  coefficient  (excluding  the  already 
subtracted  water  component)  is  zero.  For  the  present  we  set  Xf  =  712  nm,  although  there  may  be  better  choices  further  in  the 
infrared. 


Thus, 

Substitution  of  equation  (17)  into  (12)  gives: 
Hence, 

Substitution  of  equation  (19)  into  (12)  gives: 


a,(Xr)  =  0 
63 


aj(X)  —  8|n(X)  -  &n)(Xr) 


bt(X) 

bt(Xr) 


Substitution  of  equation  (16)  into  the  above  gives: 

®t(^)  ®®m(^)*®m(V)  .  \ 


(17) 

(18) 

(19) 

(20) 


(21) 


Note  that  we  can  thus  determine  the  true  absorption  coefficient  at  any  wavelength,  assuming  tha:  the  ratios  of  the  abstupdon 
and  attenuation  scattering  errors  to  total  scattering  are  not  a  function  of  wavelength.  We  do  not  need  to  know  the  fraction  of 
scattered  light  not  received  by  the  attenuation  meter,  i.e.  we  need  not  know  e^.  This  correction  scheme  will  be  designated  as  the 

“proportional”  correction  scheme  in  the  remainder  of  the  paper. 


For  spectrophotometric  work  one  normally  cannot  take  into  account  the  spectral  variations  in  b(X).  One  simply  subtracts 
the  absorption  at  the  reference  wavelength.  This  then  would  imply  that  b3^(Xf)  =  b3|(X)  from  equation  (12),  an  unnecessary 
assumption  in  our  case.  This  standard  spectrophotometric  correction  scheme  will  be  designated  as  the  “constant”  correction 
scheme  in  the  remainder  of  the  paper. 


A  source  of  spectral  change  in  the  shape  of  the  volume  scattering  function  is  the  presence  of  absorption  bands 
Anomalous  dispersion  near  absorption  bands  cause  changes  in  the  real  part  of  the  index  of  refraction  and  thus  the  volume 
scattering  function.  To  model  this,  we  used  the  particle  size  distribution  and  chloropigment  content  of  particles  from  the 
chlorophyll  maximum  in  Central  Gyre  of  the  Pacific  Ocean^.  This  should  be  a  good  estimate  of  the  maximum  influence  of 
anomalous  dispersion  on  the  correction  of  absorption  meters.  The  optical  model  used  was  a  three-layered  sphere  ^9  3  high- 

index  of  refraction  outer  shell,  a  middle  layer  containing  the  absorbing  pigments  and  and  inner  layer  with  low-index  of  refraction 
cytoplasm.  For  the  volume  scattering  functions  produced  by  this  model,  the  proportional  correction  method  still  produces 
smaller  errors  on  average  than  the  constant  correction  method.  This  is  especially  true  for  the  fine  detail  of  the  spectral  structure 
(Figure  4). 

Figure  4  indicates  that  the  blue  part  of  the  spectrum  may  be  better  matched  by  the  constant  correction  method.  Thinking 
that  this  may  be  due  to  the  larger  relative  optical  size  at  shorter  wavelengths  reducing  the  effective  scattering  error,  we  carried 
out  a  test  for  homogeneous  non-absorbing  spheres  with  two  different  size  distributions.  The  results  (Table  HI)  still  show  the 
proportional  correction  scheme  outperforming  the  constant  subtraction  scheme.  We  conclude  that  the  low  error  in  the  constant 
subtraction  method  at  412  nm  for  the  phytoplankton  model  was  due  to  the  reduced  index  of  refraction  caused  by  being  on  the 
short  wavelength  side  of  the  443  nm  absorption  peak. 
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Figure  4.  Errors  produced  by  the  proportional  and  constant  cotrection  schemes  for  a  volume  scattering  function  derived  from 
an  anomalous  dispersion  model  of  the  phytoplankton  maximum  in  the  central  gyre. 


Table  III.  Residual  scattering  errors  after  correcting  by  a  constant  a(71S)  and  by  the  prqmrtion  a(71S)/c(71S)  x  b(X)  for 
homogeneous  spheres  with  indeces  of  refraction  of  1.1 87S  and  l.OS  relative  to  water. 


1 

412  nm 

560  nm 

method 

constant  proportional 

constant  proportional 

index  of 
refraction 

1.1875 

1.05 

Slop( 

0.60%  -0.07% 

0.23%  0.10% 

9  =  3 

0.32%  0.04% 

0.12%  0.06% 

1.1875 

1.05 

Sk)p( 

16.23%  -4.04% 

9.47%  -3.19% 

b  =  5 

10.43%  -1.32% 

6.25%  -1.07% 

1.1875 

1.05 

Kneed,  Slopes  =  3,5 

1.04%  -0.26%  1  0.53%  -0.11% 

0.26%  0.02%  1  0.12%  -0.01% 

5.4  The  effect  of  tempenitare  on  the  scattering  error  correction  of  a  reflecting  tube  absorption  meter. 

In  the  derivations  of  section  5.3,  it  was  assumed  that  the  measurements  were  carried  out  at  the  same  temperature  at  which 
the  calibration  was  carried  out.  Pegau  and  Zaneveld^^  showed  that  the  absorption  of  light  by  pure  water  in  the  near  infrared  is 
strongly  temperature  dependent  Maximum  temperature  dependence  was  found  at  745  nm.  A  commonly  used  reference 
wavelength  for  reflective  tube  absorption  meters  is  715  nm.  The  absorption  coefficient  of  water  at  that  wavelength  is  also 
temperature  dependent  The  temperature  dependence  was  found  to  be  linear  in  the  temperature  range  encountered  in  the 
ocean*^.  This  temperature  dependence  at  715  nm  was  measured  to  be  0.0035  m'*/“C  =  S(715).  We  need  to  derive  the  effect  of 
this  temperature  dependence  on  the  correction  factor. 
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Let  Si\{Kf)  be  the  instrumental  output  at  the  reference  wavelength  Xf  =  71S  nm  for  the  calibration  temperature  Tc^i.  The 
value  measured  at  a  different  temperature  will  be  designated  by  a|(Xf,T)-  We  then  find  that  for  the  absorption  of  pure  water  we 
may  set; 

®w(\'^cal)  +  S(715)(T-Tcai) .  (22) 

The  value  determined  by  the  instrument  at  a  temperature  T  is  due  to  the  true  absorption  coefficient  a|(X,T)  from  which  the 
absorption  due  to  water  at  the  calibration  wavelength  was  subtracted  and  to  which  the  scattering  error  must  be  added,  so  that 

ai(X.,T)=  a)(X,T)  -  Svv^^’^cal)  + 

Eq.  23  is  also  true  at  the  calibration  temperature,  so  that 

aj(X,,Tcai)=  at(Xi>Tcal)  *  ®wt^*'^cal)  ®a^(^''^cal)"  (24) 

We  will  assume  that  light  scattering  is  not  a  function  of  temperature,  so  that  bt(A.,T)  =  bt(X,,Tcai).  Subtracting  equations  23  and 
24  then  gives; 

-  3i(X.,Tcal)  =  a|(X,T)  -  at(X,,Tcal)-  (25) 

Equation  1  showed  that  the  true  absorption  coefficient  is  equal  to  the  water  absorption  plus  the  non-water  absorption.  We  will 
assume  that  the  non-water  absorption  is  not  a  function  of  temperature,  although  nothing  is  known  about  the  temperature 
dependent  absorption  of  yellow  matter  or  pigments.  Subtracting  equation  10  for  Teal  (^m  equation  10  for  T  then  gives; 

■  ®t(^i'Ccal)  ~  (26) 

so  that  a,(X,T)  -  at(X,Tca))  =  S(X)(T-Tcal),  (27) 

from  equation  22.  Using  equation  25  then  gives; 

ai(X..Tcal)  =  aj(X„T)  -  S(X)(T-Tcal).  (28) 

We  are  now  ready  to  return  to  our  earlier  final  result,  equation  21,  which  is  valid  at  the  calibration  temperature. 

an(^^cal)  =  ai(^iTcal)*ai(V^cal)lbi(^*Tcai)/bj(AT.Tcal)]-  (29) 

We  note  once  again  that  light  scattering  is  assumed  to  be  not  a  function  of  temperature,  so  that  the  temperature  designation  can 
be  deleted  for  the  scattering  coefficients  as  the  values  are  the  same  for  any  temperature.  Similarly  we  assumed  that  the  non-water 
absorption  is  not  a  function  of  temperature.  Using  these  assumptions  and  equation  28,  equation  29  can  be  transformed  into; 

an(X)  =  ai(X.,T)  -  S(X)(T-Tcal)-  lai(Xr.T)  -  S(Xr)(T-Tcal)](b|(X)/bi(V)].  (30) 

Under  most  circumstances  S(X,)  will  be  considered  to  be  zero  except  at  the  reference  wavelength,  although  this  is  strictly 
speaking  not  correct.  Pegau  and  Zaneveld*^  found  that  at  600nm,  for  instance  S(X.)=  0.0015  m'^  °C'*‘ 

As  an  example  we  see  that  if  =  715  nm  and  hence  S(Xf)  =  0.0035  m'^/°C  and  if  the  instrument  was  calibrated  with  water  at 
I5°C  and  the  measurement  was  made  at  25°C,  equation  30  becomes; 

an(X)  =  ai(X,T)  -  [aKXr.T)  -  0.035]tb|(X)/b,(Xr)].  (31) 

The  non- water  absorption  so  determined  thus  is  larger  by  0.035[b|(X)/b|(Xf)]  (or  approximately  0.035  m'*)  than  if  the 
original  equation  12b  had  been  applied  without  concern  for  the  temperature  effect  on  the  absorption  of  pure  water.  The 
temperature  effect  can  be  very  large  in  spectrophotometers  if  the  reference  water  is  at  room  temperature  and  the  sample  water  is 
much  colder.  Pegau  and  Zaneveld*^  showed  that  for  \  =  750  nm,  this  can  lead  to  large  apparently  neg'itive  absorption 
coefficients. 

5.5  Use  of  a  scattering  sensor  to  correct  a  reflectlng*tube  absorption  meter 

It  may  be  possible  to  incorporate  a  simple  scattering  sensor  into  a  reflective-tube  absorption  meter.  Any  scattering  sensor 
would  measure  a  weighted  integral  of  the  volume  scattering  function  between  a  lower  limit  and  an  upper  limit.  Here  we  will 
consider  the  weighting  function  to  be  unity  and  will  study  the  effect  of  varying  upper  and  lower  limits  only.  The  signal  from  such 
a  sensor  would  correlate  to  a  greater  or  lesser  degree  with  the  scattering  error  depending  on  how  well  it  matched  the  angular 
distribution  of  the  error.  To  study  this,  we  revert  to  our  six  models  of  the  volume  scattering  function  and  introduce  five  different 
angular  ranges  that  a  scattering  meter  could  conceptually  measure.  For  each  combination  of  angular  range  and  volume  scattering 
function  we  compute  the  portion  of  b  that  is  included  in  that  range.  Then,  for  each  reflective  tube  design  and  angular  range  of  the 
scattering  sensor,  we  can  correlate  the  scattering  error  with  the  scattering  signal  for  the  six  volume  scattering  functions.  The 
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resulting  regressions  are  shown  in  Table  IV.  The  output  of  the  scattering  sensor  is  given  by  “B”  and  the  absolute  magnitude  of 
the  scattering  error  is  given  by  bg. 


TABLE  rV  Regression  equations,  squared  correlation  coefficients  and  maximum 
residual  errors  for  prediction  of  bg/b  for  various  instrument  designs. 


a-Meter  Design  Scat.  Sensor  Range  Regression  Equation  1-2  max  err 

for  6  models  of  &(6)  b 


0a  =  30°,  R=95% 

10-30° 

be 

-f-=  0.0407 -1-0.250  B/b 
b 

0.868 

0.023 

20-60° 

=  0.0300 -t- 0.736  B/b 

0.949 

0.016 

41-90° 

=  0.0199 -*-3.135  B/b 

0.627 

0.054 

90-180° 

=  0.0752-1-7.258  B/b 

0.250 

0.065 

120-160° 

=  0.0869  -1- 18.24  B/b 

0.173 

0.064 

ea  =  41°,R=95% 

10-30° 

=  0.0446  +  0.331  B/b 

0.912 

0.021 

20-60° 

=  0.0293  +  0.559  B/b 

0.912 

0.016 

41-90° 

=  0.0155  +  2.555  B/b 

0.695 

0.038 

90-180° 

=  0.0585  +  6.199  B/b 

0.304 

0.048 

120-160° 

=  0.0679  +  15.84  B/b 

0.218 

0.047 

Ga  =  30°,  R=100% 

10-30° 

=  0.0339  +  0.1 76  B/b 

0.746 

0.022 

20-60° 

=  0.0249  +  0.401  B/b 

0.813 

0.018 

41-90° 

=  0.0055  +  2.103  B/b 

0.816 

0.022 

90-180° 

=  0.0356  +  5.812  B/b 

0.463 

0.032 

120-160° 

=  0.0427  +  15.62  B/b 

0.367 

0.032 

0a  =  41°,R=lOO% 

10-30° 

=  0.0282  +  0.059  B/b 

0.285 

0.020 

20-60° 

=  0.0238  +  0.145  B/b 

0.358 

0.019 

41-90° 

=  -0.0007  +  1.263  B/b 

0.993 

0.003 

90-180° 

=  0.01 16  +  4.267  B/b 

0.842 

0.010 

120-160° 

=  0.0153  +  12.11  B/b 

0.744 

0.013 

The  most  significant  finding  in  Table  IV  is  that  almost  all  of  the  regression  intercepts  are  significant.  This  indicates  that  a 
change  in  scattering  sensor  signal  due  to  a  change  in  shape  of  the  VSF  will  mean  a  different  a-meter  error  than  the  same  change 
in  scattering  sensor  signal  due  to  a  change  in  total  scattering  coefficient.  We  see  this  from: 

ea=^=Ai+A2^  yields  be=Aib+A2B  (32) 

which  means  that  we  need  to  know  b  in  order  to  apply  the  above  regressions.  We  remind  the  reader  that  eg  is  the  proportion  of 
scattered  light  not  detected  by  the  absorption  meter.  Thus  by  using  a  poorly  matched  scattering  sensor  we  are  no  bette*-  off  than 
by  using  a  simultaneous  measurement  of  C  and  the  proportional  correction  scheme.  If  we  are  using  all  three  instruments,  we  now 
have  three  equations  in  three  unknowns  and  can  arrive  at  a  better  estimate  of  a.  However,  a  well  matched  scattering  sensor  such 
as  the  41-90°  sensor  for  the  100%  reflective  tube  a-meters  does  give  a  negligible  intercept  (so  that  Ai  =  0)and  a  small  residual 
error,  indicating  that  it  would  provide  a  very  good  estimation  of  the  correction,  bg,  without  a  c  measurement.  For  combinations 
with  a  significant  intercept,  the  residual  column  probably  represents  the  uncertainty  using  both  the  scattering  sensor  and  a  c- 
meter  to  correct  a. 

To  apply  the  above,  it  would  be  necessary  to  document  the  actual  performance  of  the  absorption  meter  and  then  design  a 
scattering  sensor  to  match  the  scattered  light  not  detected.  Neither  of  these  tasks  are  necessarily  easy.  Finally,  the  actual 
regression  between  the  signal  from  the  scattering  sensor  and  scattering  error  would  have  to  be  determined  experimentally.  In  the 
end  though,  it  would  correct  much  of  the  variation  due  to  changes  in  the  shape  of  the  volume  scattering  function  that  the 
simultaneous  measurement  of  a  and  c  and  application  of  the  proportional  correction  scheme  does  not  address. 
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6.  LABORATORY  CONFIRMATION 


In  order  to  verify  the  above  error  analysis  we  compared  the  attenuation  and  apparent  absorption  of  polystyrene  spheres  with 
the  results  of  Mie  theory  calculations  of  their  volume  scattering  functions  in  our  model  of  instrument  performance.  Assuming  a 
100%  reflectance  resulted  in  agreement  only  at  rather  low  acceptance  angles  for  the  absorption  meter  (Figure  3).  However, 
decreasing  the  reflectance  of  the  tube  to  95%  results  in  agreement  at  angles  very  close  to  the  design  criterion  of  4 1®.  For  the  0.5 
pm  particles  the  95%  reflectance  also  results  in  a  much  closer  agreement  in  the  spectral  shape  of  the  measured  and  predicted 
results.  The  improvement  in  spectral  shape  at  the  other  two  sizes  is  not  appreciable.  The  0.5  pm  particles  provide  the  best  test 
of  the  angular  inclusion  of  the  absorption  meter  since  the  small  particles  have  the  highest  proportion  of  large  angle  scattering. 
The  reduced  reflection  could  be  due  to  imperfections  on  the  outside  of  the  glass  tube  or  by  some  of  the  scattered  light  being 
intercepted  by  the  O-rings  between  the  end  of  the  glass  tube  and  the  receiver  window. 


•  -I - 1 - 1 - 1  I 

400  500  600  700  800 

Wavelength  (nm) 


Figure  5.  Measured  a/c  and  computed  portion  of  scattering  in  various  angular  ranges 
for  three  different  calibration  particles. 

7.  SUMMARY. 

In  situ  reflecting  tube  absorption  meters  have  allowed  us  for  the  first  time  to  obtain  continuous  vertical  profiles  of  the 
absorption  coefficient  in  natural  waters.  The  reflecting  tube  absorption  meter  has  almost  the  same  geometry  as  a 
spectrophotometer  with  a  cuvette.  The  main  difference  is  that  the  absorption  meter  uses  a  collimated  beam  whereas  most 
spectrophotometers  do  not.  In  addition,  reflecting  tube  absorption  meters  are  usually  combined  with  beam  attenuation  meters. 

The  geometry  of  the  reflecting  tube  results  in  some  of  the  scattered  light  not  being  collected  by  the  detector.  This 
undetected  light  is  the  scattering  error.  The  scattering  error  can  be  estimated  in  a  number  of  ways,  which  we  examine.  We  show 
that  the  only  available  correction  method  for  an  absorption  meter  without  attenuation  measurements  or  a  spectrophotometer  is  the 
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constant  correction  method  in  which  the  measured  absorption  at  a  wavelength  in  the  near  infrared  is  subtracted.  A  better 
correction  is  obtained  if  attenuation  is  measured  simultaneously  and  the  absorption  at  the  reference  wavelength  is  multiplied  by 
the  ratio  of  the  measured  scattering  at  a  given  wavelength  divided  by  the  measured  scattering  coefficient  at  the  reference 
wavelength.  This  is  called  the  proportional  correction  method  as  it  takes  into  account  variations  in  the  scattering  coefficient  as  a 
function  of  wavelength. 

We  showed  that  the  important  geometrical  parameters  of  the  reflecting  tube  can  be  obtained  by  a  comparison  of 
measurements  and  models  of  polystyrene  beads.  Finally  we  examine  the  improvements  that  could  be  obtained  if  a  direct 
scattering  measurement  was  made  simultaneously  with  the  absorption  and  attenuation  measurements.  Obviously,  if  a 
measurement  could  be  made  that  nearly  exacdy  matches  the  light  that  is  not  measured  by  the  absorption  meter,  the  absorption 
coefficient  could  be  measured  nearly  exactly.  The  scattering  measurement  then  could  also  be  corrected  to  be  nearly  perfect  from 
the  collimation  angle  onward. 
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ABSTRACT 

An  underwater  optical  serial  sectioning  system  has  been  developed  to  measure  in-situ  three-dimensional 
distributions  of  biological  particles.  The  technique  involves  scanning  a  thin  plane  of  laser  light  sequentially 
through  a  range  of  distances  parallel  to  the  imaging  plane  of  a  digital  CCD  camera.  Images  of  induced 
fluorescence  in  the  sequentially  illuminated  planes  are  recorded.  A  computer  based  inverse  program  is  then 
used  to  reconstruct  three-dimensional  chlorophyll  a  distributions  from  the  plane  images.  The  inverse 
method  compensates  for  attenuation  of  the  fluorescence  excitation  and  emission  throughout  the  volume  and 

converts  camera  image  plane  intensity  values  to  mg  Chi  a/m^.  Graphic  display  of  the  composite  data  set 
with  spatial  resolution  of  1  cm  ^  in  a  20  x  20  x  20  cm  volume  is  presented  in  a  three-dimensional  rendered 

volume.  Chi  a  concentration  discrimination  of  0.1  mg  Chi  over  the  range  of  0.1  to  2.0  mg  Chi  altt? 
has  been  demonstrated  in  the  laboratory  with  the  optical  serial  sectioning  system.  The  combination  of  high 
spatial  and  intensity  resolution  indicates  future  potential  for  in-situ  phytoplankton  microstructure  analysis 
and  further  application  to  the  study  of  ocean  inherent  water  properties. 


1.  INTRODUCTION 

The  in-situ  evaluation  of  three-dimensional  biological  microstructures  requires  sampling  techniques  with 
fine  resolution  which  do  not  disturb  the  distributions  during  sampling  as  do  conventional  water  bottle  and 
fluorometer  techniques.  An  underwater  optical  serial  sectioning  system,  conceptually  depicted  in  Hgure  1, 
images  induced  685  nm  Chi  a  fluorescence  emission  in  sequential  two  dimensional  planes  to  develop  a 
three-dimensional  Chi  a  distribution  data  set.  The  serial  sectioning  data  acquisition  and  three-dimensional 
reconstruction  process  is  based  upon  an  imaging  model  of  the  underwater  optical  process  and  has  been 
shown  to  accurately  account  for  spatial  variability  in  optical  properties  through  mathematical  volumetric 
reconstruction  steps.  ^ 


2.  3D  RECONSTRlJCnON  THEORY 

A  three  step  process  model  serves  as  the  foundation  for  the  three-dimensional  reconstruction  algorithm. 
The  first  step  is  fluorescence  excitation  which  describes  the  propagation  of  excitation  light  through  the 
underwater  medium.  The  second  step  is  the  intercellular  Chi  a  fluorescence  process  which  includes 
excitation  light  absorption  and  fluorescence  emission.  The  third  step  is  fluorescence  emission  which 
describes  the  propagation  of  the  fluoresced  light  back  to  the  imaging  system.  In  the  development  of  the 
fundamental  equation,  an  arbitrarily  selected  differential  volume,  dV,  located  in  plane  k,  receives 
fluorescence  excitation  irradiance  along  path  R 1  from  the  light  source.  Conversion  of  the  excitation  light  to 
fluoresced  light  takes  place  in  the  Chi  a  contained  within  this  small  differential  volume.  Fluoresced  light 
travels  to  the  camera  image  plane  along  path  R2 .  Each  differential  volume  within  plane  k  contributes  to  the 
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Figure  1.  Serial  sectioning  configuration  and  emission  spectrum  from  457.9  nm  excitation. 


image  only  that  amount  of  fluoresced  light  that  is  accepted  by  the  small  solid  angle  formed  by  the  camera 
lens  along  path  R2.  The  full  image  of  plane  k  that  is  recorded  by  the  carnal  is  the  sum  of  the  fluraescence 
contributions  of  all  differential  volumes  that  compose  plane  k.  An  expression  for  the  fluorescence 
generation  process  that  begins  the  development  of  the  reconstruction  algorithm  expresses  the  radiance 
imaged  by  the  camera  at  the  fluorescence  wavelength  in  terms  of  the  original  radiance  at  the  excitation 
wavelength,  the  intercellular  conversion  factors  and  dte  light  path  attenuation 


H 


EiXf  =  L  EqAc  exp  -  I  [a^r,2£)  +  c,(r,A£)  )dr | Q^vo 


X  exp  I  -  I  +  C|(r,-V)  )dr 

Jr2 


I 


1 


I  . 


(1) 


represents  the  excitation  irradiance  received  at  the  camera  fix)m  dV  in  terms  of  the  source  irradiance 

^oXe .  The  total  loss  factor,  L,  combines  the  excitation  and  fluorescence  path  losses.  The  attenuation 

associated  with  the  fluorescence  excitation  and  emission  are  represented  in  the  exponential  integrals  over 
path  lengths/?/  and  R2  respectively.  The  attenuation  terms  in  the  exponents  of  Eq.  (1)  are  presented  as  a 

non-chlorophyll  dependent  spectral  attenuation  coefficient  subtotal,  and  a  phytoplankton  absorption 
term,  a^(2,)  divided  as  follows  from  the  absorption  contributions  of  the  water,  a^,  dissolved  organic 
matter,  Op,  and  detritus,  o^. 


a(A)  +  b(A)  =  aw  (A)  +a£)(A)  +a^A)  +ax(A)+b(A)  =  a^A)  +C/(A) 


(2) 


Linking  the  two  attenuation  path  expressions  together  are  terms  that  convert  the  excitation  irradiance,  , 

to  the  fluorescence  emission,  .  The  conversion  process  includes  the  absorption  of  the  incident 
irradiance,  the  fluorescence  yield,  and  the  fractional  amount  of  fluoresced  light  emitted  along  path  R2  in  the 
solid  angle  accepted  by  the  camera  lens. 
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=  E)^C^dV)  Ak  <PfP 


(3) 


where  the  absorption  of  the  incident  irradiance,  over  the  dimension.  Ax,  of  the  differential  volume,  dV,  is 
given  by  the  concentration  of  Chi  a,  (mg  Chi  a^^),  times  the  specific  absorption  coefficient, 

(m^/mg  Chi  a)  .^’3  xhe  quantum  yield  of  fluorescence,  4^  represents  the  ratio  of  the  quanta  of  photons 
fluoresced  to  the  quanta  of  photons  absorbed.  The  factor  P  incorporates  the  structure  of  the  volume 
fluorescence  function,  j3^,  and  geometric  spreading  of  the  fluoresced  light. 

Equation  (1)  is  solved  for  implementation  into  a  Chi  a  calculation  and  volumetric  reconstruction  program  by 
substituting  in  discrete  voxel  dimensions,  completing  an  approximation  to  transition  from  the  integral  to  a 
summation  representation,  rearranging  terms,  and  evaluating  the  natural  logarithm  of  both  sides  of  the 
equation  to  yield 


In 
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where  k,  a  conversion  constant,  is  defined  as 


(4) 


k^LEqx^QcX^Ax^P  (5) 

The  attenuation  terms  previously  expressed  exponentially  are  now  separated  into  Chi  a  dependent  and 
independent  components  in  a  linear  format  In  a  simple  expression,  Eq.  (4)  can  be  presented  as 

i  =  In  c  +  A  c  +  X  .  (6) 

The  attenuation  matrix.  A,  contains  terms  composed  of  specific  absorption  values.  When  A  is  multiplied 
by  the  Chi  a  column  vector,  c,  the  term  Ac  contains  a  Chi  a  dependent  absorption  coefficient  term  for  every 
voxel  in  the  volume.  The  attenuation  column  vector,  x,  is  composed  of  non-Chl  a  dqrendent  attenuation 
coefficient  terms.  With  known  or  assumed  Chi  a  levels,  attenuation  coefficient  values,  and  volume 
dimensions,  i  can  be  readily  computed  from  Eq.  (6).  The  inverse  solution  of  Eq.(6)  however  with  only 
image  values,  i,  known  (as  with  serial  section  image  acquisition),  is  difficult  to  solve  explicitly  due  to  the 
incorporation  of  the  logarithmic  term.  In  general,  the  equation  format  does  not  lend  itself  to  solution  for  the 
Chlorophyll  coluirui  vector  c  except  through  iterative  means.  The  attenuation  matrix.  A,  though,  for  this 
imaging  scenario  has  a  zero  diagonal  providing  a  method  for  solution.  With  a  lower  triangular  form  of  the 
attenuation  matrix  A  coupled  with  a  backsubstitution  solution  method,  c  can  be  calculate  voxel  by  voxel 
starting  with  voxel  (1,1).  This  iterative  solution  method  establishes  a  mechanism  to  analyze  the  inverse 

solution  analytically.  When  divided  by  a  system  calibration  constant,  X,  a  compensated  image  intensity 
value,  K,  is  defined  from  Eq.  (6)  image  column  vector  components  as 
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*f'(Xn,2m)  dx  dz 


.  (7) 

The  Chi  a  level  in  the  voxel  that  is  located  at  any  arbitrary  x-z  plane  origin,  voxel  (1,1),  can  be  solved  for 
by  using  the  first  elements  in  the  associated  vectors  and  matrices  rewritten  as 

K(i.i)=C(i.i)exp(Ai  C(i.i)+xi)  (g) 

For  voxel  (1,1)  the  attenuation  path  lengths  are  zero  leading  to  the  solution  for  voxel  (1,1)  of 

K(i,i)=C(i.i)  (9) 

For  voxel  (1,2)  located  one  attenuation  voxel  back  in  the  z  direction  the  solution  for  is 


C  ^^(1.2) 

^  exp  (A2  K(i,i)+X2) 


(10) 


In  a  similar  manner,  the  Chi  a  concentration  in  any  voxel  throughout  the  x-z  plane  can  be  calculated  in 
terms  of  the  previous  attenuation  path  voxels  as 


m 


exp  -  X  +X  )  +  (n  - 1)  c,;^  +  (m  - 1)  c,a^z 

\/=l  y=l 


(11) 


3.  SERIAL  SECTIONING  EXPERIMENTS 

A  general  diagram  of  the  volumetric  imaging  system  designed  for  laboratory  verification  of  the  serial 
sectioning  meAod  is  depicted  in  Figure  2.  The  two  main  components  of  the  system  are  the  illumination 
source,  a  Spectra  Physics  Model  164  Argon  Ion  Laser,  and  the  imaging  sensor,  a  Photometries  Series  2(X) 
camera  wi^  a  1024  x  1024  Thompson  CCD  chip.  Testing  was  conducted  in  a  glass  tank  as  shown  with 
prepared  water  samples  of  varying  Chi  a  concentrations.  ITie  laser  beam  was  expanded  into  a  thin  vertical 
plane  and  positioned  along  the  length  of  the  glass  tank  by  means  of  a  lead  screw  driven  linear  positioner. 
The  water  samples  containing  various  phytoplankton  and  prepared  Chi  a  concentrations  used  for  system 
testing  were  analyzed  by  using  standard  fluorometer  method  for  Chi  a  levels. 

The  Spectra  Physics  Model  164  laser  used  in  the  system  produced  a  506  mW  output  at  457.9  nm  which 
was  selected  to  coincide  with  the  peak  of  the  Chi  a  absorption  spectrum.  A  series  of  lenses  was  used  on 
the  linear  positioner  table  to  transform  the  round  laser  spot  into  the  thin  sectioning  illumination  plane.  Lens 
combinations  varied  during  the  optical  serial  sectioning  experiments  depending  on  the  size  of  the  sample 
volume,  the  desired  illumination  plane  thickness,  and  the  distance  between  the  linear  positioner  and  the 
sample  tank.  Adjustments  in  lens  configuration  were  made  to  maintain  the  uniform  intensity  distribution 
across  the  plane.  Prior  to  commencing  testing  in  each  new  configuration,  a  radiometric  quality  digitally 
acquired  beam  profile  was  produced  to  document  the  variation  of  excitation  illumination  for  the 
reconstruction  process.  Beam  profile  analysis  showed  that  across  the  width  of  the  illumination  plane 
97.4%  of  the  laser  power  was  contained  within  the  desired  1  cm  thick  central  plane.  Along  the  vertical  axis 
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Figure  2.  Serial  Sectioning  System  Layout 


in  the  1  cm  central  plane,  a  4.6%  variation  in 
peak  energy  was  measured. 

The  Photometries  Series  200  camera  used  in  the 
serial  sectioning  system  maximized  the 
capability  for  low  light  level  imaging  with  a 
three  stage  thermoelectric  (Peltier)  cooler,  a 
fixed  200K  readout  speed,  14  bit  resolution, 
and  a  0.04%  response  linearity  over  the 
camera’s  full  dynamic  range.  An  image 
focused  on  the  CCD  parallel  register  produces  a 
pattern  of  electron  charge  in  proportion  to  the 
total  integrated  flux  incident  on  each  photosite. 

Each  19  |im  x  19  pm  photosite  (pixel)  in  the 
array  performed  as  a  separate  photometer 
recording,  digitally,  the  number  of  imaging 
events  during  the  open  shutter  integration  time. 
Dark  field  subtraction  was  used  during  image 
capture  to  improve  the  quality  of  the  image  data 
and  overcome  inherent  camera  hardware  noise 
sources.  Dark  field  subtraction  compensates 
for  thermally  generated  charge  developed  by 
interface  states  at  the  silicon-silicon  dioxide 


interface  just  below  the  parallel  gate  structure. 

Although  dark  current  noise  is  minimized  through  the  use  of  -  SS^C  thermoelectric  cooling,  it  is  still 
significant  when  at  levels  comparable  to  electronic  preamplifier  or  photon  shot  noise  when  long  integration 
times  are  used  for  low  light  levels.  Since  the  daric  current  noise  can  not  be  isolated  during  the  imaging 
event,  it  was  measured  prior  to  and  subtracted  digitally  pbcel-by-pixel  from  each  acquired  image. 


The  overall  objective  for  laboratory  tests  of  the  optical  serial  sectioning  system  was  to  validate  the  serial 
sectioning  imaging  technique  by  comparing  acquired  three  dimensional  Chi  a  distribution  images  with 
actual  measured  values.  An  initial  progression  of  tests  was  completed  verifying  the  following  imaging 
capabilities  of  the  serial  sectioning  system  which  were  initially  established  as  goals  for  system  performance 


1 .  Chi  a  range  0. 1  to  2.0  mg  Chi 

2.  Chi  a  sensitivity  0.1  mg  Chi 

3.  Spatial  resolution  1  cm  x  1  cm  x  1  cm 

4.  Sample  volume  size  Im  x  Im  x  Im 


4.  PERFORMANCE  CHARACTERIZATION 

Additional  tests  were  designed  to  characterize  the  performance  of  the  system  with  respect  to  the 
interdependent  parameters  of  effective  volume,  spatial  resolution,  and  temporal  resolution.  With  the 
sensitivity  and  noise  levels  of  the  camera  directly  limiting  overall  performance,  techniques  such  as  pixel 
binning  and  increasing  integration  time  were  both  used  to  improve  image  SNR  and  extend  the  effective 
range  of  the  imaging  system  and  consequently  the  maximum  volumetric  capability  for  three-dimensional 
phytoplankton  distribution  evaluation. 

A  divided  tank  configuration  was  established  to  allow  the  creation  of  a  variable  attenuation  path  with  a  fixed 
image  plane  concentration.  In  one  set  of  tests,  pure  water  filled  the  attenuation  section  of  the  tank  creating  a 
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uniform  attenuation  path  of  c  =  0.S34  m'^  Various  uniform  Chi  a  concentrations  from  0.1  to  2.0  mg  Chi 

a  were  then  imaged  in  the  adjacent  tank  section.  A  1  cm  wide  laser  illumination  plane  and  a  flxed 
camera  and  filter  configuration  were  used  for  all  of  the  tests.  Since  initial  results  indicated  that  low 
concentration  level  detection  was  the  limiting  imaging  condition  and  that  CCD  potential  well  saturation 
would  not  be  a  problem,  a  4x  camera  gain  was  selected.  Single  plane  images  were  taken  for  these 
experiments.  Each  plane  image  was  dark  Held  image  compensate.  In  the  first  set  of  tests,  4x4  binning 
was  established  which  provided  a  data  set  for  resolution  capability  better  than  1  cm^  at  a  range  of  1  meter 
and  an  SNR  improvement  over  single  pixel  image  recoding.  With  spatial  resolution  held  constant, 
integration  (exposure)  time  was  varied  from  10  to  4000  msec  with  Chi  a  image  plane  concentrations  of 

0.16,  0.68,  1.25,  and  2.13  mg  Chi  a/m^.  The  median  from  the  histogram  of  pixel  ADU  values  for  each 
plane  image  was  plotted  versus  exposure  time. 

The  resulting  plots  all  possessed  highly  linear  relationships.  Deviations  in  linearity  were  only  seen  at  short 
exposure  times  where  very  low  SNRs  were  registered.  The  linear  quality  of  the  plots  permitted  the 
extrapolation  and  prediction  of  minimum  image  exposure  times.  Based  upon  acquired  signal  and  noise 
data,  an  SNR  level  of  S.O  was  selected  as  nunimum  acceptable  for  verifiable  image  detection.  A  review  of 
the  data  sets  shows  that  as  the  concentration  level  decreased,  the  minimum  acceptable  single  image 

exposure  time  increased  from  100  msec  (2.13  mg  Chi  to  1000  msec  (0.16  mg  Chi  o^^).  This 
minimum  time  can  be  multiplied  by  the  number  of  planes  to  determine  the  total  time  to  image  a  complete 
volume.  Applicability  to  in-situ  analysis  can  be  judged  from  the  overall  volume  image  time  compared  to  the 
expected  vertical  and  horizontal  phytoplankton  migration  times,  internal  wave  speeds,  and  currents. 

Further  testing  was  conducted  with  the  same  contiguration  as  the  variable  exposure  set  except  that  exposure 
time  now  was  held  constant  while  binning  was  varied  from  2x2  through  4x4  and  8  x  8  to  10  x  10. 
Results  from  this  set  of  tests  for  the  same  range  of  Chi  a  concentrations  are  shown  in  Figure  3.  ADUs  are 
plotted  versus  variation  in  binning.  For  the  1  meter  x  1  meter  image  plane  geometry  with  a  1024  x  1024 
pixel  CCD,  10  X  10  binning  yields  the  1  cm  x  1  cm  pixel  size  identified  as  the  spatial  resolution  objective. 
SNRs  for  all  concentrations  at  this  binning  level  are  significantly  above  the  minimum  5.0  level,  llie  data 
from  Figure  3  further  indicate  that  for  the  attenuation  paths  used  in  these  tests,  resolution  to  0.4  cm  x  0.4 
cm  is  possible  with  a  4  x  4  binning  at  0.16  mg  Chi  altr^  and  the  specified  attenuation  path. 

The  determination  of  a  minimum  imaging  speed  at  the  spatial  resolution  and  Chi  a  concentration  goals  was 

conducted  using  10  x  10  binning  and  a  0.09  mg  Chi  ahx?  sample.  Exposure  times  were  varied  from  10  to 
4000  msec.  Results  are  displayed  in  Figure  4.  Using  linear  interpolation,  an  exposure  time  of  220  msec 
correlates  with  the  minimum  acceptable  5.0  SNR.  This  result  shows  that  the  use  of  10  x  10  binning 
provides  an  improvement  of  over  four  times  in  volume  imaging  speed  from  the  previous  4x4  binning 
configuration  while  maintaining  the  imaging  objective  1  cm  x  1  cm  resolution  at  less  than  or  equal  to  0.1 

mg  Chi  aln?. 

A  non-dimensional  parameter,  the  optical  depth,  for  the  system  which  can  be  used  for  defining  the  system’s 
imaging  application  to  the  range  of  naturally  occurring  seawater  conditions  was  then  determined  using  a 
similar  laboratory  test  configuration.  Since  the  performance  linuting  process  is  the  fluorescence  attenuation 
from  the  illuminated  plane  to  the  camera  focal  plane  due  to  the  large  value  of  ^^5^  a  system  optical 

depth  ,^,  is  defined  as 


^-C  (685)  Z 


(12) 


where  c  is  the  beam  attenuation  coefficient  at  685  nm  and  z  is  the  distance  from  the  illuminat  plane  to  the 
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Figure  3.  Evaluation  of  minimum  acceptable 
images  at  various  concentrations  and  ^atial 
resolutions.  With  a  S.O  minimum  acceptable 
SNR,  0.4  cm  resolution  was  achieved  at  a 

concentration  as  low  as  0.16  mg  dhl 


camera  image  plane.  Applied  to  the  general  equation 


£(z)  =  £(o)c-^ 


(13) 


the  optical  depth  defines  the  system’s  ability  to  image  in  waters  of  various  attenuation  pn^ierties. 


An  experimental  determination  of  the  minimum  ^  for  the  system  was  accomplished  by  varying  the 
attenuation  properties  and  distances  in  an  attenuation  portion  of  a  divided  ta^  to  get  the  minimum 

acceptable  image  SNR  level  of  S.O  for  an  image  of  0.1  mg  Oil  in  the  imaging  section  of  the  tank. 
Several  distances  and  concentrations  were  used  to  conflrm  the  measurement  The  value  of  ^  =  0.97  was 
determined  as  the  effective  optical  depth  for  the  system  in  the  configuration  of  4x  gain,  10  x  10  binning,  35 
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Figure  4.  Minimum  exposure  time  determination  for  Icm^  resolution  at  0. 1  mg  Chi  aht?  concentration 
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A  laser  power,  and  f-  1.8.  The  overall  system  optical  depth  increases  with  the  minimum  Chi  a  level 
desired  for  imaging.  The  optical  depth  value  can  be  used  to  determine  application  of  die  system  for  in-situ 

distribution  analysis.  For  a  coastal  water  mass  with  an  average  =1.1  m*^  the  effective  imaging 

range  of  the  would  be  0.88  m.  Images  with  0.1  mg  Chi  a/m^  would  have  to  be  acquired  at  distances  closer 
than  0.88  m  for  adequate  SNR.  Images  for  greater  Chi  a  levels  could  be  acquired  at  longer  distances.  For 

open  ocean  ocean  conditions  with  a  representative  average  value  of  =  0.7  m*^  the  optical  depth  of 
0.97  equates  to  an  effective  range  of  1.4  meters. 


5.  you 


MC  VISUALIZATION 


As  a  test  of  the  application  of  serial  sectioning  on  random  phytoplankton  distributions,  various  strains  of 
phytoplankton  with  measured  Chi  a  concentrations  were  injected  into  laboratory  tank  sample  volumes  to 
simulate  phytoplankton  patches.  Serial  sectioning  was  performed  on  the  sample  volume  whUe  maximizing 
the  system  operating  parameters  to  achieve  1  cm  spatial  resolution  and  the  highest  tenoral  resolution.  The 
volume  samples  were  made  of  various  concentrations  of  cultured  phytoplai^ton,  unftltered  seawater,  and 
distilled  water.  After  a  sample  volume  was  prepared  in  the  test  tai^,  20  one  centimeter  wide  images,  each 
20  cm  X  20  cm  with  a  full  image  1024  x  1024  pixels,  were  taken  sequentially  through  the  volume  to 
generate  a  volumetric  data  set.  Camera  gain  was  4x,  /  =  1.8,  and  35  A  laser  power  was  used  for 
illumination.  Either  a  4  x  4  or  a  10  x  10  camera  binning  was  used  to  experiment  with  spatial  resolution. 
Exposure  times  were  varied  between  100  msec  and  2(]^  msec  to  evaluate  volume  imaging  speed  and 
resultant  SNRs.  The  reconstruction  algorithm  was  verified  by  correlation  of  the  imaged  patch 
concentrations  to  sample  fluorometer  readings. 

The  data  from  one  imaged  volume  is  presented  as  an  example  of  the  process.  A  sample  volume,  see  Figure 
5,  was  prepared  from  a  test  tank  of  unfiltered  seawater  drawn  from  the  SIO  pier.  The  seawater  had  a  1.06 

mg  Chi  0^^  concentration.  A  volume  of  a  Gonyaulax  polyedra  culture  measured  at  2.18  mg  Chi  was 
injected  with  a  pipette  into  the  lower  portion  of  the  tank.  A  volume  of  warm  distilled  water  was  floated  on 
top  of  the  seawater.  Differential  temperatures  were  used  to  slow  the  mixing  process  and  maintain  the 
highest  possible  concentration  differences.  A  12  cm  x  12  cm  x  12  cm  volume  in  tiie  center  of  the  larger  test 
volume  was  selected  for  analysis  with  1  cm  spatial  resolution  as  the  goal.  Carnot  binning  was  set  at  4  x  4. 
Exposure  time  was  2000  msec  per  image.  Twenty  image  planes  were  acquired  and  saved  as  sets  of  camera 
ADU  values.  Binning  reduced  the  data  sets  to  256  x  256  each. 


Three-dimensional  reconstruction  of  the  volumetric  data  set  was  first  accomplished  by  increasing  the  data 
set  to  260  X  260  data  points  with  the  addition  of  four  rows  and  four  columns.  The  data  set  was  then 
reduced  by  averaging  13  x  13  sets  of  pixels  to  get  a  data  set  of  20  x  20.  A  12  x  12  section  of  the  20  x  20 
data  set  was  then  isolated  for  analysis.  Each  data  point  in  the  reduced  data  set  now  represented  2704 

original  pixels  as  the  product  of  4  x  4  binning  and  13  x  13  averaging.  Each  data  point  represented  a  1  cm^ 
voxel  in  the  sample  volume.  The  12  data  sets  were  then  combing  and  processed  with  the  Chlorophyll 
Computer  Program  which  converted  the  intensity  values  to  mg  Chi  a  concentrations.  Two  points  were 
used  in  the  sample  volume  to  determine  the  calibration  coefficient  for  the  volume  reconstruction.  The  Erst 

was  a  1.06  mg  Chi  altr?  value  in  the  lower  right  hand  comer  of  image  plane  2.  The  second  was  a  check 
point  of  0.00  mg  Chi  from  the  top  center  of  image  plane  3.  After  reconstruction,  the  resultant  data 

sets  contained  attenuation  compensated  mg  Chi  oibi^  values.  As  a  check  on  the  reconstructed  Chi  a  levels, 
comparison  was  made  between  post  image  fluorometer  sample  values  and  the  calculated  values.  After  the 
imaging  experiment  three  25  ml  samples  were  drawn  from  specific  areas  in  the  sample  volume  and 
measured  for  Chi  a  level.  Fluorometer  readings  taken  prior  to  mixing  and  after  imaging  are  compared  to 
calculated  voxel  values  near  the  sample  point.  A  set  of  nine  voxels  adjacent  to  tiie  sample  point  are 
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represented  in  the  range  of  calculated  values  presented  in  Figure  S  data.  The  differences  between  measured 
and  calculated  values  are  attributed  to  mixing  of  the  sample  volume  over  time  and  to  the  inaccuracies 
associated  with  disturbing  the  distribution  while  drawing  the  post-imaging  samples  for  fluorometer 
analysis. 

l^e  Sunvision  program  voxvu  was  then  used  to  take  the  12  data  sets  and  convert  them  into  a  three- 
dimensional  graphic  display  of  the  reconstructed  volume.  Figure  5  shows  image  plane  9  as  discrete  voxels 
sh^ed  to  represent  absolute  levels  of  Chi  a  concentrations  ^  illustrates  an  interpolation  of  the  data  used 
prior  to  volumetric  reconstruction.  The  three  dimensional  reconstruction  presents  the  correct  spatial 
arrangement  of  the  variation  in  Chi  a  concentration. 
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Figure  S.  Volumetric  visualization.  Upper  left: 
Image  Plane  9  as  discrete  voxels.  Mid^e  left: 
Image  Plane  9  as  interpolated  data.  Lower  left: 
Comparison  of  imaged/calculated  values  vs. 
measured  values.  Upper  right:  Test 
configuration.  Lower  Right:  'niree-dimensional 
visualization  of  Chi  a  distribution. 
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6.  IN-SITU  APPLICATIONS 


The  three-dimensional  Chi  a  presentation  shown  in  Figure  5  indicates  that  a  spatially  accurate 
reconstruction  of  Chi  a  variations  is  possible  with  the  underwater  serial  sectioning  system  potentially 
leading  to  use  as  a  Chi  a  microscale  mapping  tool.  The  remote  sensing  aspect  permits  in-situ  Chi  a 
microstructure  information  to  be  obtained  without  disturbing  the  naturally  occurring  phytoplankton 
distributions.  The  next  signiflcant  biological  step  is  to  be^n  the  evaluation  of  the  correlation  between  Chi 
a  concentration  variations  and  phytoplankton  distributions.  As  documented  in  many  phytoplankton 
biomass  studies,  there  are  many  problems  with  a  one-to-one  correlation  between  Chi  a  and  biomass  since 
there  are  numerous  variable  parameters  involved  with  the  Chi  a  fluorescence  generation. 

The  performance  characterization  presented  in  Section  4  showed  that  performance  improvements  can  be 
made  individually  to  different  system  parameters.  However,  due  to  the  interrelation  of  all  system 
parameters  they  are  at  the  expense  of  each  other.  For  example,  increasing  the  number  of  binned  pixels  to 
increase  SNR  and  reduce  exposure  time  is  accomplished  at  a  loss  of  spatial  resolution.  The  minimum 

effective  system  optical  depth  of  ^  =  0.97  determined  at  0.1  mg  Chi  alvc^  provides  the  capability  to  image 
one  cubic  meter  distributions  at  one  centimeter  resolution.  An  important  point  about  the  optical  depth 
determination  conducted  is  that  the  value  indicated  is  configuration  specific.  With  an  improvement  in  the 

685  nm  interference  filter  transmission,  for  example,  ^  will  improve  due  to  the  ability  to  get  more  imaging 

photons  to  the  image  plane.  Reducing  the  spatial  resolution  with  pixel  binning  also  will  improve  On  the 
contrary,  an  increase  in  the  spatial  resolution  for  small  volumes  would  help  reduce  the  boxy  voxel 
representation  during  volumetric  visualization.  The  final  justification  for  resolution  changes  must  be  based 
though  on  the  scientific  requirements  for  verifying  theoretically  derived  patch  sizes. 

A  key  consideration  for  applying  optical  serial  sectioning  in  the  ocean  is  the  timing  of  image  acquisition  to 
meet  expected  biological  and  physical  time  scales.  The  rates  of  independent  phytoplankton  motion  are 
relatively  slow.  Dinoflagellate  movement  has  been  placed  at  1  cm/min.  The  sinking  rate  of  phytoplankton 
is  approximately  1  mm/min.  Gas-  filled  vacuole  algae  vertical  motion  is  about  5  mm/min.  In  relatively 
calm  bodies  of  water,  each  of  these  motions  could  be  adequately  isolated  with  sectioned  imaging  at  the  220 

msec  frame  acquisition  time  at  the  4  and  design  spatial  resolution.  Internal  wave  and  current  velocities  have 
a  much  more  serious  effect  on  phytoplankton  distributions.  Vertical  upwelling  is  characterized  at  6 

mm/min,  but  internal  waves,  for  a  Ap  of  1.4  kg/m^,  travel  at  60  m/min.  Horizontal  waves  by  comparison 
travel  at  70  m/min.  For  open  ocean  near  surface  imaging,  correct  spatial  arrangement  may  be  more  ^fflcult 
to  maintain  due  to  these  rapid  water  mass  movements.  Improvements  in  image  frame  time  can  be 

accomplished  working  at  a  system  point  less  than  ^  (by  reducing  the  effective  ranges  and  spatial 
resolution).  Binning  and  closer  ranges  could  improve  acquisition  time  signiflcantly  if  the  loss  of  resolution 
and  effective  volume  imaged  did  not  impact  the  achievement  of  the  biological  survey  objectives. 

Other  possible  biological  and  physical  oceanographic  applications  also  exist.  As  currently  configured, 
predator  prey  interactions  could  be  studied  and  models  verified.  Localized  phenomena  such  as  red  tides 
could  be  mapped  over  time.  With  some  implementation  modifications  and  using  Chi  a  as  a  natural  tracer, 
under-ice  fresh  water  /  salt  water  boundaries  could  be  evaluated.  A  similar  approach  could  be  used  for 
analyzing  the  effects  of  random  fluctuations  of  turbulently  generated  shear  on  phytoplankton  dispersion. 
Wind  induced  surface  currents  could  possibly  be  tracked. 

In  the  future,  the  system  could  be  easily  modified  for  multispectral  analysis.  In  a  preliminary  laboratory 
analysis,  scattered  excitation  illumination  was  correlate  with  the  fluorescence  illumination.  An  unfiltered 
image  was  acquired  which  showed  a  scattered  light  distribution.  A  sequential  fluorescence  image  was 
acquired  in  the  same  plane  with  interference  filters.  Comparison  between  the  two  images  showed  the 
relative  distributions  of  the  amount  of  scattering  (non-Chl  a  containing)  material  and  the  amount  of 


SPIE  Vol.  2258  Ocean  Optics  XII  (1 994)  /  65 


fluorescing  (Chi  a  live  biological)  material  in  the  plane.  In  addition  to  studying  biological  and  physical 
processes,  possibilities  such  as  these  exist  for  gaining  insight  into  spatially  varying  inherent  optical  water 
properties  with  future  multispectral  scattering  and  absorption  system  nuxlifications. 
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ABSTRACT 

Phytoplankton  spectral  absorption  of  light  energy  is  one  of  the  important  factors  to  estimate  primaiy 
production  of  the  ocean.  We  have  developed  a  system  which  measures  in  situ  spectral  absorption  of 
suspended  matter  mainly  phytoplankton  by  a  modified  opal  glass  technique.  The  system  was  designed  to 
provide  sub  meter-scale  profile  of  phytoplankton  distribution  without  water  sampling.  The  system  consists 
of  halogen  lamp  as  a  white  light  source,  a  multi-channel  spectrometer  and  submergible  optical  sensor  unit. 
The  collimating  lens  and  diffuser  constitute  this  unit.  The  optical  fiber  cables  are  employed  to  transmit  the 
light  between  the  sensor  unit  and  the  equipments  on  shipboard.  The  received  light  was  measured  by 
spectrometer  which  ranges  from  400  nm  to  800  nm  with  1024-channel  temperature  stabilized  linear 
photodiode  array. 

Our  preliminary  experiment  with  the  cultured  phytoplankton  (diatoms,  flagellate  and  green  algae)  has  shown 
that  minimum  detectable  absorption  coefficient  is  0.01  m'^ 

1.  INTRODUCTION 

The  optical  method  plays  important  roles  to  obtain  the  continuous  data  of  the  temporal  and  the  spatial 
distributions  of  the  phytoplankton  in  terms  of  its  species  and  concentration  in  the  water  environments.  Since 
the  phytoplankton  has  the  specific  absorption  spectra  according  to  the  pigment  constituent  and  concentration, 
it  is  useful  for  classifying  the  phytoplankton  based  on  the  photosynthesis  pigment  constituent.  The 
conventional  method  measures  absorption  spectra  of  the  phytoplankton  collected  on  the  filter  after  sampling 
and  filtering  water.  Recently,  the  several  methods  for  in  situ  measurement  were  reported  to  obtain  reliable 
spectral  absorption  data;  (1)  a  reflective  tube  absorption  mrter‘\  (2)  an  integrating  cavity  absorption  m^r^\ 
(3)  a  fiber-optic  scanning  spectrophotometer  for  measurement  of  aquatic  light  fields^\  The  first  two  methods 
have  difficulties  in  reducing  the  size  of  the  measurement  volume  which  contains  the  suspended 
phytoplankton  in  the  water  sample  and  therefore,  can  not  give  the  fine  spatial  structure  of  the  spectral 
absorption  in  the  measurement.  The  third  one  has  difficulties  in  reducing  the  measurement  time  because  of 
the  mechanism  to  scan  the  wavelength  of  the  spectrometer.  It  is  necessary  to  devise  a  method  which  reduces 
the  measurement  volume  and  time  to  obtain  the  spatial  and  temporal  distribution  of  the  spectral  absorption 
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data  in  situ  manner. 

We  have  developed  a  new  method  that  reduces  the  volume  size  and  the  time  by  adopting  the  configuration  of 
the  opal  glass  which  catches  effectively  the  absorption  spectra  in  the  radiation  scattered  by  suspended 
phytoplankton  particles,  and  of  a  multichannel  photodiode  array  detector  on  which  the  spectral  radiation  is 
irradiated  through  a  spectrometer.  Moreover,  adoption  of  optical  fiber  bundles  enables  the  in  situ 
measurement  configuration.  The  errors  in  the  absorption  measurement  are  analyzed  and  estimated. 

2.  PRINCIPLE  OF  THE  METHOD 

The  absorption  is  usually  obtained  to  measure  the  transmittance  of  the  parallel  beam  flux  attenuated  in  the 
specified  optical  path  length.  This  configuration  gives  the  data  of  the  absorption  due  to  the  medium  such  as 
water,  and  does  not  give  the  one  to.  the  suspended  particles,  because  the  absorption  data  is  hidden  in  the 
radiation  scattered  by  the  particles.  Fig.l  shows  the  principle  of  the  opal  glass  transmission  method 
described  originally  by  Shibata^\  where  the  radiation  scattered  informs  of  the  absorption  by  the  particles. 
The  data  of  the  absorption  by  particles  is  extracted  in  the  following,  if  an  opal  glass  is  ideally  lambeitian  for 
whole  wavelength  range  concerned,  both  the  parallel  transmitted  flux  and  the  forward  scattered  radiation  are 
captured  after  passing  through  the  opal  glass. 

The  incident  parallel  flux  is  expressed  by  the  sum  of  the  absorbed  flux  in  the  sample  the 
scattered  total  flux  1^(X),  and  the  transmitted  parallel  flux  as  shown  in  eq.(  1 ), 

I„(X)  =  yX)  +  I,(X)  +  IrffX)  (1). 

The  incident  flux  suffers  the  absorption  and  scattering  processes  caused  by  the  suspended  particles,  the 
water  media,  and  the  dissolved  matter  like  so  called  yellow  substances,  so  that  the  absorption  coefficient 
a(X),  and  the  scattering  coefficient  b(A,)  are  expressed  by 

a(x,)  =  ap(A,)  +  a^X.)  +  ay(x)^  b(x)  =  bp(x)  +  b^^fx)  ^2) 

where  subscripts  p,  w,  y  are  used  to  denote  the  contribution  by  particles,  pure  water  and  dissolved 
substance  respectively. 

When  the  incident  flux  travels  the  distance  /,  the  absorbed  flux  la  is  approximated  by 

la(x)=  Io(x)(l-e-a(^V)  (3) 

The  incident  flux  on  the  opal  glass  1(X)  consists  of  the  transmitted  flux  1^(X),  and  a  fraction  of  the  flux 
scattered  into  all  direction  as  shown  in  eq.(4), 

I(X)  =  I,(X)+  flj(X)  (4) 

where  f  denotes  the  ratio  of  the  flux  into  the  solid  angle  of  the  opal  glass  to  the  scattered  flux  into  all 
direction.  We  denote  these  quantities  corresponding  to  the  reference  water  sample  by  attaching '  mark.  If  we 
assume  that  the  opal  glass  diffuses  nearly  perfectly  both  1  and  1',  namely  1,,  flj  ,  I  and  f '  1  the  ratio  of 
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the  flux  into  the  solid  angle  of  the  sensing  system  to  the  whole  flux  transmitting  the  opal  glass  is 
approximately  the  same  value  x  for  the  reference  water  and  the  sample  water  containing  suspended  particles. 
If  we  measure  this  flux  by  the  spectral  sensing  system  in  terms  of  the  sample  water  and  the  reference  water 
respectively,  the  attenuation  coefficient  ic  obtained  from  the  logarithm  of  the  quotient  of  the  detector's  output 
for  the  reference  P'(X)  by  that  for  the  sample  as  shown  P(X)  in  eq.  (5).and  eq.  (6): 


p(x)=s(x).viW,  and  p<a.)=s(>.)'4iW 


$(>,)■  ^I,(x)+na(x)) 

( I -f  1 


(5). 


(6), 


where  S(A,)  is  the  spectral  sensitivity  of  the  sensing  system.  Based  on  the  reasonable  assumption  that  the 
second  term  do  not  change  with  wavelength,  the  spectral  absorption  coefficient  of  the  particles  is  obtained 
from  the  attenuation  coefficient  by  subtracting  the  value  independent  of  the  wavelength. 


P(X)  =  ^{lt(X)  +  fld(X)) 
Detector 


Fig.  1 .  Optical  design  of  opal  glass  transmission  method. 

3.  INSTRUMENTAL  SYSTEM 

An  optical  fiber-coupled  spectrometer  of  absorption  was  designed  by  considering  advantages  in  ocean  optics 
to  obtain  vertical  profiles  of  spectral  data  with  high  spatial  resolution.  The  measurement  system  located 
underwater  is  desirable  to  have  relatively  inexpensive  and  potentially  passive  components,  while  the  system 
on  a  ship  or  a  stationary  platform  is  allowed  to  have  relatively  expensive  and  delicate  components.  Fig. 2 
shows  a  diagram  of  a  prototype  system  for  laboratory  experiment.  The  system  is  composed  of  a  light 
source,  fiber  optical  cables,  a  sample  cell,  and  a  spectrometer  with  multichannel  diode  array  detector,  where 
the  sample  cell  is  intended  to  be  submersed. 

3.1.  Light  source  and  optical  fiber  cable 

>  tungsten  halogen  cycle  lamp  (24V,  150W)  was  used  as  a  light  source  whose  color  temperature  is  changed 
by  color  filter  so  that  the  system  has  spectrally  flat  characteristics.  TWo  jptical  bundled  fiber  cables 
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(200-jini  silica  core,  polymer  cladding,  0.22  N.  A.  Diaguide,  Mitsubishi  Cable  Industries,  Ltd.)  in  1  m 
length  were  used  to  couple  optically  the  sample  cell  with  the  light  source  and  with  the  spectrometer  unit.  The 
fiber  cable  consisting  of  16  fibers  was  shaped  in  circle  type  end  and  in  slit  type  end  for  effective  coupling  to 
spectrometer,  and  the  other  cable  was  shaped  in  8mm  diamater  for  both  ends. 

3.2.  Sample  cell 

The  sample  cell  to  be  submersed  in  situ  measurement  should  have  simple  structure  screened  from  useless 
illumination  without  giving  disturbances  to  surroundings.  The  sample  cell  used  in  the  experiment  was  a 
methyl  naetacri-tfe  cylinder  of  50mm  in  diameter,  86mm  in  length,  and  80ml  in  volume.  The  collimated  beam 
from  a  bundle  fiber  illuminated  the  ceil  with  the  silica  windows  of  30mm  in  diameter,  one  of  which  was 
attached  with  the  opal  glass  30mm  in  diameter,  and  2.3mm  thick. 


Fig.  2.  Diagram  of  a  prototype  system  for  laboratory  experiment. 

3.3.  Spectrometer  and  detector  unit 

This  unit  was  composed  of  a  polychromator,  a  linear  photodiode  array  (PDA),  and  electronic  processor, 
where  the  polychromator  dispersed  the  light  and  focused  a  spectrum  on  the  plane  of  the  detector  array 
surface.  The  polychromator  of  16nm/mm  in  linear  dispersion  with  3nm  in  half  width  was  calibrated  with 
line  spectra  of  a  low  pressure  mercury  lamp  regarding  the  wavelength.  The  PDA  has  1024  elements  where 
each  size  is  25mm  x  2mm  in  length.  A  scanning  time  of  the  diode  array  was  10ms  to  cover  the  whole 
wavelength  range  of  400  to  800nm  and  sampled  at  the  interval  of  0.25nm.  The  temperature  of  the 
photodiode  detector  was  stabilized  and  cooled  down  to  about  1 5  "C  by  a  thermoelectric  element  to  reduce 
thermal  noise  of  the  diode  array.  The  photocurrent  from  the  detector  was  digitized  by  a  16  bits  analog  to 
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the  digitized  output  of  which  was  accumulated  to  improve  the  signal  to  noise  ratio.  The  spectral  characteristic 
of  the  system  made  flat  by  using  the  color  conversion  Alter. 


4.  EXPERIMENTAL  RESULT  AND  ITS  ANALYSIS 
4. 1 .  Measured  output  of  the  photodetector  array 

In  case  of  the  experimental  system  shown  in  Fig.2,  the  output  from  the  detector  is  expressed  by  eq.(7) 
modiAed  from  eq.  (5),  by  considering  spectral  characteristics  of  each  subunit  constructing  the  whole 
measurement  system  and  also  by  taking  account  of  the  detector's  offset  measured  in  the  absence  of 

light. 

p(>,)=s(>.).?l(x)+ (7)_ 

where 

sW=d(x)tW-  j(a.) 

D(^)  :  Spectral  sensitivity  of  photo  diode  array  detector 
T(X)  ;  Spectral  transmittance  of  optical  system,  including  optical 
Aber,  polychromator  and  opal  glass 
J(X)  :  Spectral  irradiance  of  light  source  with  color  conversion  Alter. 

The  attenuation  coefAcient  A(X)  is  obtained  from 


a(x)  =  ^  In 


iKM-PorilJ-)/ 


(8). 


Wavelength  (nm) 


Fig.3.  Photo  diode  array  output  (AE)C  output  counts)  of  measuring 
the  reference  water  P’(X)  and  the  offset  Pofj<X). 
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Fig.3  shows  a  typical  example  of  the  output  measuring  the  reference  water  P'(A.)  under  the  exposure  time  of 
0.2S  seconds  corresponding  to  256  accumulations  at  IST.  Since  the  sample  output  P(X)  was  nearly  equal 
to  P'(^).  and  the  difference  between  them  was  only  less  than  1%  on  this  scale,  it  was  too  difficult  to  be 
shown  in  the  same  figure.  Poff(^)  is  also  shown  in  Fig.  3. 

Fig.  4  shows  a  result  of  A(X)  obtained  where  the  cultured  phytoplankton  Prorocentrum  minimum  was 
suspended  at  different  level  of  concentration.  The  vertical  axis  was  scaled  by  absorption  coefficient  ap(X)  + 
Siy(k)  where  the  average  value  between  750nm  and  SOOnm  was  subtracted  from  A(X) . 


Fig.  4.  Spectral  absorption  coefficient  measured  by  the  prototype  system  with  the  cultured  phytoplankton 

Prorocentrum  minimum ,  A;1000cell/ml,  B;500cell/ml. 


4.2.  Estimation  of  the  errors  in  the  spectral  absorption  coefficient 
From  eq.(8),  the  errors  are  estimated  by 


where 


AP(X). 

.  APoff(x) 

,  AJ(X) 

p(x.) 

p(>.) 

UW 

|Aa(x)/| 


Consider  that  P(X)  nearly  equals  to  P'(X),  eq.(9)  is  simply  reduced  to  eq.(  10). 


(9). 


(10), 


where  the  first  term  gives  the  error  due  to  the  offset,  the  second  to  the  fluctuation  of  the  light  source  and  the 
third  to  the  fluctuation  of  the  absorption  of  the  reference  or  the  water  itself. 
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(a)  Effect  of  the  offset 

The  main  component  of  the  offset  generally  results  from  the  accumulation  of  thermally  generated  current. 
We  estimated  the  error  due  to  offset  by  taking  the  fluctuation  of  the  photo  diode  outputs  obtained  in  the 
series  of  measurements  under  dark  condition.  The  error  was  evaluated  by  the  standard  deviation  of 

the  offset.  Fig.5  shows  the  measurable  minimum  value  of  the  absorption  coefficient  limited  by  this  offset 
noise.  The  magnitude  of  the  absorption  coefficient  is  estimated  about  4  x  10  '*m' '  from  SOOnm  to  700nm  and 
is  higher  in  shorter  and  longer  wavelength. 


Fig.  5.  Measurable  minimum  value  of  the  absorption  coefficient 
limited  by  the  offset  noise  of  the  system. 


Fig.  6.  The  apparent  absorption  coefficient  due  to  the  variation  of  input  voltage 
±0.02  V(±0. 1  %  of  2 1 .00 V)  to  tungsten  halogen  lamp 
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(b)  Effect  of  the  fluctuation  of  the  light  source 

This  error  was  estimated  by  taking  the  difference  of  the  photo  diode  outputs  obtained  in  a  series  of  the 
measurements,  where  the  voltages  supplied  to  the  tamp  have  a  difference  of  ±0.02  volt  amounting  to  0.1%  at 
normally  used  voltage  of  21.00V.  Fig. 5  shows  the  equivalent  absorption  coefficient  induced  by  this  amount 
of  illuminating  light  source  change.  The  ±0.005  volt  stability  in  the  prototype  sy.stem  is  estimated  to  give 
much  better  results. 

(c)  Effect  of  the  absorption  change  caused  by  the  water  temperature 

The  absorption  coefficient  of  the  water  is  known  to  change  with  the  temperature  in  the  red  and  near-infrared 
region^\  The  spectral  absorption  coefficient  of  water  was  measured  at  several  conditions  from  2rC  to  23°C 
water  temperature.  The  temperature  effect  of  the  spectral  absorption  coefficient  was  shown  in  Fig.  7,  where 
the  veitical  axis  shows  the  difference  of  the  spectral  absorption  coefficient  in  case  of  the  water  temperature 
change  of  TC. 


Wavelength  (nm) 

Fig.7.  Spectral  absorption  coefficient  change  of  the  water  induced  by  temperature  difference 
4.3.  Analysis 

(a)  Correction  of  the  results 

According  to  the  experimental  results  given  in  the  above  section,  the  water  temperature  affects  much  more 
the  absorption  coefficients  not  only  in  the  magnitude  but  also  in  the  wavelength  concerned  than  the  other 
factors  affect  mainly  only  in  magnitude  by  small  values.  The  spectral  absorption  coefficient  given  in  Fig.  4 
was  corrected  by  monitoring  the  water  temperature  during  the  experiments  to  exclude  the  temperature  effect, 
and  the  corrected  data  were  shown  in  Fig.  8.  The  base  line  was  determined  as  described  in  the  previous 
section. 

(b)  Linearity  test 

The  linearity  of  this  opal  glass  method  was  checked  by  a  series  of  spectral  absorption  measurements,  where 
the  concentration  of  the  phytoplankton  cell  was  changed  systematically.  The  absorption  coefficient  at  the 
wavelength  of  674nm  was  plotted  in  Fig.  9,  where  the  concentration  of  the  phytoplankton  cell  was  evaluated 
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by  the  scale  of  the  concentration  of  chlorophyll  pigment  in  the  cells.  The  results  assured  that  this  system  was 
linear  in  absorption  coefficient  down  to  10- ^m'^  which  was  equivallent  to  the  ccmcentration  of  about  0.4^g/l. 
This  value  is  much  higher  than  the  magnitude  of  4  x  10'^~^  which  is  critical  value  inherent  to  this  {HX)totype 
system. 


Wavelength  (nm) 

Fig.  8.  Spectral  absorption  coefficient  with  tenqierature  correction 


Concentration  of  chlorophyll  a  (pg//) 
Fig.9.  Absoq)tion  coefficient  vs.  chlmophyll  concentration 


For  the  measurement  of  lower  concentration,  it  is  necessary  to  consider  the  slight  effect  of  the  absorption 
coefficient  of  dissolved  substance  on  the  wavelength,  and  the  slight  difference  of  the  scattering  noode  by  the 
particles. 
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5.  SUMMARY 


The  spectral  absorption  measurement  based  in  the  opal  glass  method  was  shown  to  be  reliable  and  linear 
down  to  lO’^m  *  by  the  preliminary  small  size  prototype  system,  high  spectral  resolution  and  potentially 
rapid  response.  The  analysis  was  made  on  the  magnitude  of  the  errors  concerned  by  the  some  factors  such 
as  the  water  temperature  variation,  the  detector  noise  and  the  fluctuation  of  light  source.  The  critical  limit  of 
the  absorption  coefficient  is  estimated  to  be  4  x  lO'^m  *  inherent  to  the  detection  system. 
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ABCTRACT 

A  submersible  absorpticm  meter  was  built  to  measure  the  light  absorpticm  plus  backscattering  coefficients  of  lutural  waters  in 
one  term.  The  instrument  is  based  on  close  correqxMidaice  between  the  radiance  attenuation  and  the  sum  of  absorption  and 
backscattering  under  the  following  ccmditions.  The  radiance  att«iuati(m  is  measured  close  to  the  surhure  of  a  Lamb«ti&n  light 
scHirce  and  it  is  measured  along  the  direction  of  the  net  vector  irradiance.  Photons  scattered  out  of  this  normal  direction  are 
r^laced  by  {diotons  initially  travelling  at  a  deviating  direction  being  scattered  into  the  normal  directicm.  Hiotons  scattoed  in 
the  backward  directicm  are  lost. 

The  instrumoit  can  replace  laborious  sample  handling  used  to  determine  the  optical  characteristics  of  particulate  matter.  The 
performance  of  the  absorption  meter  was  tested  in  the  laboratory  working  with  several  sinq>le  test  suspmsicms  and  in  the  fidd 
in  estuarine  and  in  marine  water.  Radiance  attenuation  spectra  of  clear  water  and  absorpticm  q)ectra  of  clear  water  matched 
closely.  The  radiance  attmuation  of  algae  increased  linearly  with  concmtration  of  chlorophyll  a  in  the  measured  range  of 
0-70  mg  m~^,  while  the  radiance  attenuation  q)ectrum  was  very  close  to  the  absorpticm  spectrum  of  the  algal  sanqrle  as  measured 
with  a  semi-integrating  sphere.  An  offset  between  these  spectra  remained.  This  was  not  observed  u4ren  field  data  from  estuarine 
and  marine  water  were  compared  to  laboratory  measurements. 

1.  INTRODUCTION 

Two  inherent  optical  properties  are  usually  sufficient  to  describe  a  volume  of  surface  water:  the  absorption  coefficient  and  the 
volume  scattering  fimction.  These  are  called  inherent  optical  properties  because  they  are  indqiradent  cm  incident  radiance  * .  The 
absorpticm  coefficient  a  is  the  fraction  of  energy  absorbed  from  a  collimated  beam  per  unit  distance;  the  volume  scattering 
fimcticm  describes  the  angular  distribution  of  radiant  intensity  scattered  out  of  a  beam.  Integraticm  of  the  volume  scattering 
iiincticm  gives  the  scattering  coefficient  b,  the  fracticm  of  energy  scattered  out  of  a  collimated  beam  per  unit  distance.  The  total 
radiance  attmuation  due  to  absorpticm  and  scattering  is  the  beam  attenuation  coefficient  c  {c=a+b).  The  scattering  coefficient 
and  the  beam  attenuation  coefficient  also  are  inhermt  optical  pn^>erties. 

Inherent  optical  properties  of  surface  water  are  used  to  estimate  ccmcmtration  of  acpiatic  humus,  algae  and  silt  in  the  water.  The 
inherent  properties  also  are  used  in  models  of  primary  producticm  when  combined  with  radiative  transfer  ecjuations  and  the 
distributicm  of  iiKidait  light  intensity  Absorpticm  is  caused  by  nmlecules  that  absorb  light  and  so  mainly  ccmtains  chemical 
infonnaticm;  scattering  is  nuinly  caused  by  inhomogoieity  of  the  physical  prc^rties  of  the  volume  of  water  and  so  ccmtains 
informaticm  about  particle  characteristics.  Here  scattering  is  only  considered  as  a  source  of  error  in  the  determiiuticm  of 
absorpticm. 

The  absorpticm  coefficient  can  be  calculated  if  the  net  vector  irradiance  and  the  scalar  irradiance  are  known  Hqerslev  ^  built 
an  in  situ  absorpticm  meter  based  cm  Gershun’s  theory.  Measurements  based  cm  Gershun’s  theory  may  not  give  accurate 
absorpticm  estimates  because  the  irradiance  parameters  are  very  sensitive  to  disturbance  by  surface  waves  and  other  experimental 
errors  These  are  mainly  a  consequmce  of  the  fact  that  the  formula  requires  input  measured  across  a  small  (in  priiKiple 
infmitesimal)  distance  and  in  a  homogoieous  water  column. 

Because  of  these  difficulties  inherent  c^cal  properties  are  usually  measured  in  the  laboratory.  Different  techniciues  vv«re 
developed  to  do  this.  Absorpticm  by  clear  samples  is  measured  with  low  qrerture  optics;  the  beam  attenuaticm  coefficient  is  equal 
to  the  absorpticm  coefficient  because  scattering  is  neglected,  except  in  the  blue.  Absorpticm  of  turbid  samples  can  be  measwed 
using  high  aperture  optics  to  include  as  much  scattered  light  as  possible  in  the  signal.  Experimental  difficulties  of  various  nature 
beset  the  determinaticm  of  the  absorpticm  coefficient  of  a  suqmnsicm,  mainly  caused  by  light  scattering  and  eqmcially  at  low 
concentrations  of  particulate  matter. 
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Haaidt  and  Maske  ^  described  a  method  to 
collect  all  the  scattered  light  using  an 
integrating  sphere  and  collimated  incidmt 
light.  In  this  method  the  actual  distance 
covered  by  a  photon  travelling  through  the 
sanq>le  is  longer  than  the  geometrical 
distance  because  of  multiple  reflection  inside 
the  sphere.  Elterman  ^  ai^  Fry  and  Kattawar 
^  introduced  an  isotropically  illuminated 
integrating  cavity.  Insicte  the  instrument  a 
homogoieous  diffuse  light  field  is  assumed. 

The  instrumeot  needs  to  be  calibrated 
because  the  actual  length  of  the  path 
traversed  by  a  ray  of  light  is  unknown. 

Shibata  et  al.  invoited  the  opal  glass 
technique,  similar  to  and  simpler  than  the 
semi-integrating  sphere  tec^que.  The 
technique  aims  to  exclude  photons  passing 
the  sanq)le  mote  than  once,  thus  making 
calibration  cm  the  actual  path  Imgth 
redundant.  If  single  scattering  is  assumed, 
the  measured  absorption  consists  of  inherent 
absorption  a  and  part  of  the  scattering 
coefficioit.  The  scattering  part  is  defined  by 
the  amount  of  scattered  light  not  detected 
(1-F(0j^))b  where  F{0)  is  the  forward 
scattering  probability  and  is  the  detection 
angle  of  the  integrating  sphere.  For  natural 
waters  a  major  part  of  the  scattering 
coefficioit  is  included  because  light  is  scattered  mainly  in  forward  directions  Bannister  used  Monte  Carlo  calculatirais 
to  assess  errors  in  absorption  coefficients  induced  by  the  type  of  cuvette  used. 

Because  of  its  low  concentrations  particulate  matter  from  surface  water  usually  was  concratrated  before  accurate  absorpticm 
measurements  could  be  made.  Yoitsch  filtered  the  samples  and  measured  absorption  of  particulate  matter  present  on  the  filter 
paper;  this  filter  pad  method  is  widely  used.  Multiple  scattering  is  prominoit  and  results  in  overestimation  of  absorption,  diis 
must  be  corrected  for  by  determining  an  ad  hoc  calibration  factor  known  as  the  /3-factor.  Kirk  and  Davies-CoUey 
resuspoided  the  filtered  material  to  avoid  this.  But  systematic  errors  rtuy  result  because  of  particle  loss  and  formati<Mi  and 
breaking  up  of  floes  caused  by  the  sanqrle  handling. 

It  may  be  better  to  measure  the  absorption  on  water  sanqrles  using  larger  geometric  path  lengths  than  usual  in  a  standard 
qrectrophotometer.  2^aneveld  et  al.  introduced  a  reflective  tube  absorption  meter  with  collimated  light,  an  internally  reflecting 
cuvette  and  a  high  aperture  radiance  sensor.  The  measured  spectra  are  corrected  for  scattering  to  obtain  the  absorption  plus  back 
scattoing  spectra  conq>arabIe  to  those  obtained  by  the  opal  glass  method  The  detector  of  the  reflecting  tute  has  35°  half 
angle  field  of  view. 

The  absorption  plus  backscattering  can  also  be  measured  with  a  technique  that  is  the  inversed  method  as  (kme  by  Zaneveld  et 
al.  With  this  technique  the  radiance  attenuation  is  measured  in  an  diffuse  light  field  in  such  a  way  that  all  light  forwardly 
scattered  out  of  the  nonnal  direction  is  compensated  by  light  scattered  into  this  direction.  This  is  true  if  the  light  in  all  directions 
has  the  same  intensity.  In  our  instrummt  such  a  light  field  is  approximated  by  a  Lambertian  light  source  and  radiance  is 
measured  at  two  distances  from  the  light  source.  This  way  the  d^ected  fraction  of  forward  scattered  light  is  increased.  A 
submersible  absorption  meter  was  designed  to  measure  radiance  attenuation  in  situ  according  to  this  reasoning.  Working  widi 
this  instrument  sanqrle  handling  on  shipboard  is  avoided;  it  is  an  alternative  way  to  determine  absorptiem  plus  back  scattering 
ipectra  in  natural  waters.  Design,  operation  and  calibration  of  this  instrument  and  its  performance  in  the  field  are  described. 


Table  1.  Notations. 


Symbol 

Description 

a 

absorptiem  coefficimt,  m'‘ 

«h 

absorption  coefficient  of  aquatic  humus,  m'^ 

a^ 

absorption  coefficient  of  pure  water,  m'* 

‘*chl 

absorption  coefficimt  of  chlorc^hyll  containing  particles,  m'^ 

b 

scattering  coefficient,  m'* 

backscattering  coefficient  m'* 

forward  scattering  coefficient,  m'* 

c 

beam  attmuation  coefficient,  m'^ 

m 

forward  scattering  probability  fimetion,  - 

k 

radiance  attenuation  coefficiort,  m'^ 

*chl 

radiance  attenuatiem  coefficient  of  chlorophyll,  m'* 

*h 

radiance  attenuatiem  coefficimt  of  aquatic  humus,  m'* 

radiance  attenuatiem  emefficient  of  particulate  matter,  m-1 

*w 

radiarKe  attenuation  cemfficient  of  water,  m'* 

Uz.e,ib) 

raeliance,  W  m'^  sr‘* 

UivAd) 

path  raeliance,  W  m*^  sr'^ 

Al 

path  loigth,  m 

z 

eiq>th,  m 

a 

ajparent  absorption  cernfficimt,  m*^ 

“p 

rqparent  absorption  ceiefficient  of  particulate  matter,  m'^ 

volume  scattering  fimetion,  m'^  sr'* 

$ 

zoiith  angle,  rad 

detectiem  angle  of  the  integrating  sphere,  rad 

azimuth  angle,  rad 
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2.  THEORY 


A  list  of  the  symbols  used  in  the  following  equations  is  given  in  Table  1.  The  pnqwgation  of  a  beam  of  light  in  a  plane  paialld 
medium  without  internal  light  sources  is 

^  =  -cL(rM)*LXrM)  (D 

dz 

The  first  term  on  the  right  gives  the  radiance  decrease  per  meter  due  to  the  beam  attenuaficm  c.  The  secmid  term  on  the  right 
is  the  path  radiance  L*.  Path  radiance  is  the  increase  in  radiance  per  meter  due  to  light  scattered  mto  a  beam  from  all  directions 

LXrM)  =  sm(0)  dO'd^'  (2) 


Using  a  lanibertian  light  source  the  incident  light  has  the  direction  0<  9<  rl2.  Light  that  applies  0<  $'<  t/2  is  used  to 
calculate  path  radiance.  Light  that  has  been  scattered  in  the  up>A«rd  direction,  v,  is  considered  lost. 

Three  cases  are  distinguished  a.<.«aiming  single  scattering,  wdioi  the  radiance  attmuation  is  measured  in  such  a  light  fidd: 
Case  1.  Tim  sanqrle  volume  rmly  absorbs  the  light.  This  case  is  valid  for  measurements  of  radiance  attenuation  in  clear  sanq>les. 
It  is  the  most  sinq>le  case.  If  radiance  attenuation  is  measured  perpendicular  to  a  Lambertian  light  source  and  no  scattering  occurs 
than  the  radiance  attmuation  is 

— =  -flL(r,0.0)  (3) 

dz 

The  path  radiance  in  this  case  is  zero.  Dividing  Equatirui  3  by  L(z;0,0)  shows  thatradiance  attenuation  is  equal  to  absorption. 

k  -  a  (4) 

Case  2.  The  sarrqile  volunm  only  scatters  the  light.  This  case  is  a  theoretical  approach  since  measurements  of  radiance  attenuatioa 
in  surfime  water  without  absorption  iimluded  do  not  exist.  If  measured  in  a  scattering  but  no  absorbing  medium  and  assuming 
single  scattering  the  radiance  attenuation  is 

=  -hL(z;0,0)>L(r.0,0)  f^^^Jirfifi:e',<k)^i0)de'd4>' 


The  second  term  on  the  right  compensates  for  the  light  that  was  scattered  forwardly  out  of  the  normal  directicm  (z:0,0).  Its 
integral  is  the  forward  scattering  coefficimt  for  a  Lambertian  light  field..  So  the  measured  radiance  attenuation  is  the 
backscattering  coefficimt. 

k  =  b-b^  =  bf,  (6) 

Case  3.  The  sanq>le  volume  absorbs  and  scatters  the  light.  This  case  is  valid  for  natural  waters.  If  measured  in  an  absorbing 
and  scattering  medium  the  radiance  attenuatirm  is 

=  -cL(2;0,0)*  sia{0)d9'if>' 

It  may  be  a  good  ai^noximation  to  weight  the  contribution  of  radiance  from  all  angles  to  the  path  radiance  by  the  normalized 
volume  scattering  function.  The  volume  scattering  fimction  of  natural  water  sanq>les  is  peaked  forwardly.  Radiance  at  high  9' 
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<Mily  has  a  small  effect  oo  the  path  radiance.  It  may  be  expected 
scattning  coefficient.  So  the  measured  radiance  attenuation  is 

k  «  c-b^  »  a+hj 


3  3 


Figure  1.  Schematic  view  of  the  submersible  instrument 
built  to  measure  in  situ  radiance  attenuation.  It  consists  of 
four  units  mounted  in  a  frame.  The  first  unit  is 
constructed  from:  (1)  a  220  V  800  W  halogm  lamp  in  a 
watertight  housing.  This  projects  light  via  (2)  an  intonally 
white  reflecting  cylinder  of  0. 1  m  length  on  a  (3)  0.2  m 
diameto'  diffiisor  with  diffusion  factor  0.87.  A 
homogeneous  illuminated  surface  is  obtained  with  a 
second  diffiisor  (3).  The  intermediate  cylinder  (4)  is  filled 
with  clear  water.  An  infinite  plane  light  source  is 
qiptoached  with  an  intonally  mirroring  cylinder  (S) 
placed  against  the  secrmd  diffiisor.  This  cylinder  is  the 
sample  conqiartmmt  and  contains  ambient  water;  it  is  the 
seccnd  unit.  The  third  unit  is  the  radiance  detector  (6).  It 
measures  radiance  at  two  preset  distances  in  the  diffiise 
light  field.  The  fourdi  unit  is  a  remote  controlled 
I»eumatic  cylindo:  (7)  wliich  moves  the  radiance  detector 
to  the  two  positions  necessary  for  a  measurement. 


that  the  second  turn  in  Equation  7  is  close  to  the  forward 

(8) 


Figure  2.  Radiance  probe  used  in  the  submersible 
absorption  meter.  It  has  1.7°  half  angle  of  view.  The  lens 
housing  (1)  has  two  glass  windows  (2)  enclosed  by  O- 
rings  (3)  and  mounting  devices  (6  and  7).  An  adiroi^c 
lens  (4)  is  used  to  optimize  projection  of  li^t  ^lectral  on 
the  fibre  entrance.  Purging  plugs  (5)  are  attached  to  pot 
dry  air  in  the  housing  to  prevent  wata*  vapour 
condensation.  A  glass  fibre  is  attached  at  a  connector  (8) 
to  tranqxnt  the  light  to  the  qsectrometo'.  The  radiance 
probe  is  connected  to  a  pneumatic  cylinder  with  a 
mounting  device  (7). 


3.  DESIGN  OF  THE  SUBMERSIBLE  ABSORPTION  METER 

A  submersible  instrument  (Figure  1)  was  built  to  measure  radiance  attenuation  undowater  in  a  diffiise  li^t  field.  It  conasts  of 
four  units:  a  diffiise  li^t  source,  a  sanqile  compartment,  a  radiance  detector  and  a  pneumatic  cylinder  to  move  the  detector, 
light  is  tranqiorted  by  a  glass  fibre  to  a  diode  array  rqrid  scan  Electrometer. 

The  diffiise  light  source  consists  of  a  halogen  lanqi  in  a  watertight  housing,  a  0.2  m  diameter  \^te  cylinder  mvI  two  serially 
placed  diffiisors.  The  lanqi  is  placed  at  die  entry  of  the  cylinder,  one  diffiisor  is  inside  the  cylinder  and  die  odier  at  its  end. 
Within  S  minutes  no  drift  in  light  intensity  and  in  its  spectral  distribution  was  found.  The  measurements  are  done  widiin  IS 
seconds.  The  volume  of  watm'  to  be  measured  is  contained  in  an  internally  miiroring  cylinder  of  the  same  diameter  as  die  one 
in  the  light  source.  The  mirror  was  made  of  Scotchcal  S(X)4  folio  having  90-9S  percent  reflectivity.  This  way  an  infinite  diffiise 
light  fidd  is  Eiproximated  nccept  for  backscattering. 

Radiance  is  delected  in  the  direction  of  the  irradiance  vector  d  two  distances  from  the  light  source  by  moving  die  detector  widi 
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a  pneumatic  cylinder  with  remote  control.  This  distance  can  be  adjured  to  the  t^cal  dq>th  of  the  water.  Between 
measuremmits  the  water  in  the  sample  conqwrtment  is  rq>laced  by  turbulence  induced  by  rqieated  imeumatically  moving  the 
radiance  detector.  Tests  in  laboratory  showed  that  the  sanq>le  volume  was  refreshed  within  five  r^eated  movmnents. 

The  radiance  detector  (Figure  2)  consists  of  an  achromatic  doublet  lens  in  a  25  mm  diameter  housing.  The  diamet^  of  die 
radiance  smisor  must  be  large  compared  to  size  of  suqiended  particles  to  avoid  noise  due  to  ghaHing  of  the  detector  by  particles 
close  to  it.  Radiance  is  collected  in  a  1 .7**  half  angle  of  view.  A  40  m  optical  glass  fibre  tranqiorts  ^  light  to  a  Tracor  Nordmn 
6112  diode  array  rqiid  scan  spectrometer.  The  fibres  were  mounted  into  a  h«ivy  duty  reinforced  PVC  hose  to  prevent  bending. 
An  inm  chain  was  mounted  along  the  hose  to  prev&it  tensile  forces  breaking  the  fihns.  Spectra  were  measured  in  the  qiectnl 
range  400-800  nm  with  a  2  nm  wavelength  resolution. 


Radiance  attenuation  k  was  calculated  with  the  Lambert-Beer  equation: 


k  = 


A/  L, 


(9) 


vidiere  the  path  length  Al  is  the  interval  between  the  two  soisor  positions  and  Lj  and  L2  are  radiances  measured  at  both  distances. 
Lj  was  at  0. 1  m  and  L2  was  at  0.22  m  distance  from  the  light  source  resulting  in  Af  is  0. 12  m.  Radiance  atteouatimi  of 
particulate  matter  k^  was  calculated  with 

K  -  k-k^-a,  (10) 

where  k„  is  the  radiance  attmuation  of  pure  water  and  is  the  absoiption  of  aquatic  humus. 

Multiple  scattering  can  become  prominent  in  the  recorded  spectrum  if  the  preset  path  length  is  too  long.  This  is  not  desirable 
from  the  point  of  view  of  intetpretation;  it  can  be  recognised  (and  avoided)  by  noting  increased  absorpticm  by  water  in  the  700- 
800  nm  waveloigth  range.  Measuremraits  <mi  turbid  samples  using  path  length  of  0.12  m  showed  no  increased  absorption. 

4.  MATERIALS  AND  METHODS 


4.1.  Optical  reference  measurements 

Optical  measuremoits  to  conqrare  with  results  from  the  submersible  absorption  meter  were  carried  out  with  a  Perkin  Elmn'  X16 
double-beam  spectrophotometer.  Spectra  were  measured  in  the  400-800  tun  spectral  range  with  2  tun  wavelength  resoluticm  with 
reversed  osnxtsis  water  as  a  reference.  The  rq^Huent  absorj^tm  of  particulate  matter  ou  was  measured  using  10  nun  flow 
cuvettes  and  high  qrerture  optics,  consisting  of  a  semi-integrating  ^>faere  with  cuvettes  placed  at  the  entrance  of  the  qriiere. 
Radiance  transmitted  and  scattered  within  38°  half  angle  of  view  was  detected.  Absorption  of  aquatic  humus  Oi,  was  measured 
with  low  aperture  optics  using  100  mm  cuvettes. 

Aquatic  humus  was  obtained  by  filtratirm  of  sub  samples  through  a  0.2  lua  Sartorius  membrane  filter.  Particulate  mattm'  was 
concentrated  from  sub  samples  by  centrifugation,  the  samples  were  decanted  until  a  10-times  higher  coitcaitration  resulted.  The 
particulate  matter  was  resuspended  afterwards. 

I  The  total  a{q>ar«it  absorption  is  the  sum  of  the  radiance  attmuatirm  of  pure  k^,  absorption  of  aquatic  hurmis  and  qrparent 
absorption  of  particulate  matter  otp: 

“  =  (11) 

I 

I 

The  radiance  attmuation  spectrum  of  pure  water  is  measured  in  reversed  osmosis  water.  The  absorption  qrectrum  of  aquatic 
I  humus  is  measured  on  filtered  water  against  reversed  osnoosis  water. 
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4.2.  Algal  suspension 

Chlorella  pyrenoldosa  was  grown  in  batch  cultures  on  algal  growth  medium,  chlorophyll  a  was  at  about  2  g  m'^  at  the  tinig  of 
the  measuiemoits.  Experimrats  were  done  in  a  0.2  m^  tank,  the  algae  were  diluted  in  t^)  water  filtered  over  a  0.2  ftm  Sartorius 
membrane  filter.  A  concoitration  range  of  C.  pyrenoldosa  was  prqMued  with  chlorc^yll  a  crmcentrations  b^weeo  0  and 
70  mg  m'^.  The  suspmsion  was  stirred  to  ke^  it  homogeneous.  Radiance  attoiuatitni  spectra  were  measured  in  the  concentration 
series.  Apparrat  absorption  qpectra  were  measured  as  a  referatce  in  the  C.  pyrenoldosa  at  2  g  m'^  and  200  mg  m*^  in  the  stodc 
culture. 

4.3.  Fldd  measurements 

Triplicate  measurements  were  carried  out  with  the  submersible  absorption  meter  (see  below)  at  1  m  dq>th  in  the  Weston  Sdieldt 
and  quintuple  measuremoits  at  1  m  and  S  m  dq>th  in  the  North  Sea.  From  the  extensive  data  set  q)ectra  woe  sdected  from 
staticms  where  the  results  of  multiple  spectral  scans  were  within  0. 1  m'^  Differoices  among  scans  occurred  due  to  patchiness 
in  the  field  (See  5.4).  Water  sanqiles  were  taken  for  chemical  and  optical  characterizadon  in  the  laboratory. 

4.4.  Chemical  measurements 

Dry  weight  concentradons  of  particulate  matter  and  inorganic  hracdoi  were  determined  according  to  Dutch  norm  NEN  6484 
Chlorofdiyll  a  in  algal  cultures  was  dett.mined  after  ethanol  extraction  according  to  Dutch  norm  NEN  6520  and  in  fidd 
sartqrles  by  high  performance  liquid  chromatography 

5.  RESULTS 

5.1.  Laboratory  test  in  dear  wato 

The  tank  of  0.2  m^  was  filled  with  reversed  osmosis  water  tiltered 
over  a  0.2  pm  membrane  filter.  No  elVorts  were  made  to  remove  all 
contaminants  from  the  water.  The  water  was  deaerated  by 
tenqrorarily  heating  to  avoid  the  formation  of  air  bubbles  during 
experiments.  Radiance  attenuation  spectra  were  measured.  Rqreated 
measuremimts  showed  that  radiance  attoiuation  spectra  are 
measured  with  0.03  m'^  standard  deviation. 

The  radiance  attmuation  spectrum  of  reversed  osmosis  water  and 
absorption  spectrum  of  pure  water  matched  in  the  5(X)-7(X)tun 
wavelength  range  (Figure  3).  The  absorption  spectrum  of  pure  water 
is  according  to  Smith  and  Baker  In  the  700-800  tun  wavelength 
range  the  radiance  attenuation  was  about  10  perc«it  higher  than 
the  absorption  of  pure  water,  still  being  within  the  error  margins  of 
the  pure  water  absorption  spectrum.  Pegau  and  Zaneveld  showed 

a  tettqrerature  dqrmdmcy  of  the  water  absorption  spectrum.  At  730 
run  the  water  absorption  changed  12  percoit  when  comparing  5°C 
to  31  °C  water  tenqrerature.  We  used  water  at  a  temperature  of 
35‘’C.  The  radiance  attenuation  spectra  of  pure  water  as  a  fimction 
of  temperature  are  in  Buiteveld  et  al.  The  radiance  attoiuation 
spectrum  of  reversed  osmosis  water  differed  from  that  of  tiqr  water, 
the  spectral  differaice  had  the  characteristic  shape  of  aquatic  humus 
absorption  qiectrum.  The  spectrum  fits  in  first  approximation  an  exponmtially  decreasing  functicm  with  a  slope  of  0.013  tun'^ 
We  crmclude  that  the  absorption  spectra  and  the  radiance  attenuation  spectra  using  the  instrument  match  when  measured  in  clear 
solutiiMis. 


Figure  3.  Absorption  qrectra  of  pure  water  and  less  pure 
water  as  used  in  experimoits.  O:  Absorption  of  pure 
water  according  to  Smith  and  Baker  (1981).  Thin  line: 
radiatKe  attoiuation  of  reversed  osmosis  water  filtoed 
over  a  0.2  pm  membrane  filter.  Dashed  line:  radiance 
attmuation  of  filtered  tiq>  water.  The  diflerence  qrectrum 
betwem  the  radiance  attenuaticm  qrectra  has  the  shape  of 
the  spectrum  of  aquatic  humus. 
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5.2.  Laboratory  test  in  turbid  water 

Spectra  measured  with  the  submersible  absorpdon  meter  in  the  anceatration  snries  of  C.  pyrenotdosa  are  shown  in  Figure  4. 

lowest  spectrum  is  from  filtered  tap  water,  including  its  humus.  This  radiance  attenuation  of  tq>  water  was  subtracted  fimn 
k.  The  radiance  attenuation  q)ectra  of  particulate  matter  were  calculated  widi  Equation  10. 


4OO45O5WSS0aW6SO7OO7SOM0 

nm 


Figure  4.  Radiance  attenuation  of  a  concentration  series 
of  C.  pyrettofdosa  measured  with  the  submersible 
absorption  meter.  The  lowest  spectrum  is  from  filtered  tap 
water.  Chloit^yll  a  range  is  0-70  mg  m'^.  The  upper 
spectrum  (70  mg  m'^)  showed  a  decline  in  the 
4(XMS0  nm  wavelength  range.  This  decline  is  not 
explained  yet. 


Figure  S.  Inherent  absorption  of  C.  pyrarotdosa  at  35  mg 
m'^  chlorophyll  a  calculated  from  radiance  attenuation  and 
qiparent  absorption  measurements.  The  qwctra  were 
corrected  according  to  Shibata  et  at  720  nm.  The 
solid  line  was  measured  with  the  submersiUe 
abscnption  meter.  It  is  representative  fix  all  other 
concentrations,  noise  level  increased  with  decreasmg 
coiKentration.  The  dashed  line  wnu  measured  widi  a 
semi-integrating  sphere. 


cNorophyll  a  mg  rivS 


Figure  6.  Linearity  of  radiance  attenuation  of  C. 
pyrenotdosa,  at  680  nm  (O)  and  radiance  attenuation 
of  particulate  matter  Ap  at  720  nm  (a).  Linear  regression 
coefficient  at  680  nm  is  R^»0.9^S8  and  at  720  nm 
R*-0.98803. 


No  real  absorption  by  algae  occurs  in  the  720-800  nm  wavelengtii 
range.  However  the  measured  absorption  qrectra  Op  and  die 
radiance  attenuation  qpectra  Ap  show  significant  attenuation  in  die 
700-8(X)  nm  wavelen^  range  (Table  2).  This  attenuation  is 
attributed  to  light  loss  due  to  scattering  and  is  usually  corrected  fix 
according  the  technique  of  Shibata  er  a/.«0.  The  inherent  abscxption 
qiectra  of  algae  can  be  calculated  fiom  die  qipaienNabeorption 
qiectra  of  particulate  matter  when  assunqitions  according  to  Shibata 
et  al.  an  made: 

1.  No  real  absorption  by  algae  occurs  in  die  720-8(X)  nm 
wavelength  range. 

2.  The  fiaction  of  li^t  scattered  away  from  die  qwrture 
of  the  semi-integrating  sphere  is  constant  over  the  visible 
light  range. 

This  effect  of  light  loss  cannot  be  corrected  for  when  the  particulate 
matter  includes  silt.  The  scattering  and  absorption  characteristics  of 
silt  are  largely  unknown. 

Undo’  these  assunqitions  a  first  (xder  scattering  correction  was 
carried  out;  the  value  at  A^(720)  and.ap(720)  were  subtracted  from 
theqiectraAp  and  Op  respectively.  This  way  die  inherent  absorption 
qiectruffl  a^i,]  and  the  radiance  attenuation  spectrum  were 
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calculated  (Figure  S),  the  spectra  are  closely  matched.  Absorption  spectra  measured  with  the  submersible  absorption  meter 
in  the  range  4(X)  tun  to  5(X)  nm  were  lower  than  those  measured  with  the  semi-integrating  qdiere.  Cleveland  a  al.^  found  a 
similar  result.  Differences  as  high  as  SO  percoit  occurred  betweoi  absorption  q>ectra  measured  with  their  integrating  caviar  and 
absorption  spectra  measured  according  the  technique  of  Mitchell  and  Kiefer  in  the  blue  light  r^on.  Calibration  orors  of  die 
integrating  cavity  might  have  caused  this,  but  Cleveland  et  al.  also  suggested  a  wavelength  depeodeat  scattering  artifoct  as  an 
explanation. 

Zaneveld  et  al.  used  a  correction  factor  for  light  scattered  away  from  the  detector  as  a  percoitage  of  the  total  scattoing 
coefticimt  to  compute  the  apparoit  absorption  coefficient  from  measurements  with  the  reflective  tube  absorption  meter.  This 
correction  foctor  must  be  determined  for  difrermt  volume  scattering  functions.  The  results  of  this  correction  tedmique  were 
conqMurable  to  the  spectra  measured  directly  with  the  submersible  absorption  meter. 

The  radiance  attenuations  kp{120)  and  A:^|,|(680)  ( =  lCp(680)-itp(720))  increased  Imearly  with  the  amcentratirm  of  algae  (Figure  6), 
showing  that  multiple  scattering  does  not  play  a  role  in  this  concmtration  range.  We  conclude  that  radiance  attenuation  and 
absorption  of  turbid  water  match  after  the  correcting  method  of  Shibata  et  al.  *Ois  qrplied. 

5.3.  Fidd  tests 


Figure  7a.  Radiance  attenuation  k  (thin  lines)  measured  Figure  7b.  Same  notaticm  as  Figure  7a. 

with  the  submersiUe  abwxption  meter  in  the  Western 
Scheldt  estuary  and  total  apparent  absorption  a  (bold  line) 
measured  in  die  bfooratory. 

Table  2.  The  correction  v^  '•  to  calculate  inhoent  absorption  qiectra  of  algae  from  the  absorption  plectrum  of  particulate 
matter  Op  or  die  tadiaooe  aitcm  Son  spectrum  of  particulate  matter  Aj,  were  different.  The  calculation  is  a  first  otdet  scattning 
correction  at  720  mn  waudaQ^  V  The  iL(720)  to  oip(720)  ratio  for  C.  pyrenofdosa  was  at  about  15.  The  values  wme  closer 
in  the  field  measureaenta.  DHa  |>re8enlaa  must  be  regarded  as  illustrative  for  the  situations  studied.  Mote  researdi  on  diis 
phenomenon  is  now  in  progiaas.  _ 


Laboratory 

Western  Scheldt 

North  Sea 

C.  pyrenoldosa 

Silt 

P.  mucus  +  Silt 

*p 

0.80 

0.89 

0.24 

«p 

0.05 

0.75 

0.10 

Field  measuremoits  were  carried  out  at  different  stations  in  the  Western  Scheldt  estuary  in  the  southwest  of  the  Netherlands  and 
in  the  coastal  area  of  the  North  Sea  near  the  Netherlands.  The  concentration  of  aquatic  humus  in  the  Western  Scheldt  decreases 
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in  die  direction  of  the  North  Sea,  but  concentrations  of  suspended  matter  vary  ^Mdially  and  temporally  in  a  more  irregular  way. 
Secchi  Disk  tranqiarency  ranged  from  O.S  m  to  l.S  m  during  measurements  in  the  Western  Sdieldt.  In  die  Nordi  Sea 
measurements  were  carried  out  near  the  Delta  area  by  Walcheren,  near  Noordwijk  and  north  of  the  island  Texel.  An  algal  Uormi 
of  Phaeocystis  mucus  occurred  near  Texel. 

The  radiance  atteniudon  qiectra  measured  in  die  Western  Schddt  and  the  total  qiparent  absorption  qiectra  closdy  correqiood 
(Figure  7).  This  does  not  agree  widi  the  results  found  for  algal  suqiensions  in  the  laboratory  tank  wAere  the  values  of  Ji^(720) 
and  ctJlTO)  differed  by  a  factor  IS  (Table  2).  This  could  be  caused  by  the  difference  in  scattoing  propnties  between  algae  and 
silt.  1m  radiance  attenuation  of  chloro|diyll  a.  at  67S  nm.  and  the  radiance  attenuation  of  silt  at  720  nm  were  calculated 

from  the  radiance  attenuation  measured  in  the  field.  Both  were  linearly  correlated  to  concentrations  of  respectivdy  diknophyll 
a  and  total  suspended  matter  (Figure  8a  and  8b). 


toWauapandadmonargm-S  cNoraptiyl  a  mg  m-3 


Figure  8a.  Radiance  attenuation  of  the  particulate  matter 
kp  at  720  nm  from  the  North  Sea  measuranents  for  35 
selected  statirms.  Only  stations  were  used  where 
patchiness  as  seen  by  the  submersible  absorption  meter 
was  insignificant.  The  linear  regression  coefficient  is 
R^=0.762.  The  statistical  error  may  be  caused  by 
variations  in  the  volume  scattering  function  of  the 
suspended  material.  Also  errors  induced  by  the  diemical 
analysis  wiU  have  contributed.  The  symbols  indicate  the 
transects  studied  at  a  Walcheren  (R^=0.838), 
□  Noordwijk  (R^=0.960),  O  Texel  in  April  (R^=0.671) 
and  •  Texd  in  June  (R^=0.001). 


Figure  8b.  Radiance  attenuation  of  chloro|4iyll  a  at 
675  nm  fw  tile  same  stations  as  u^  in  Figure  8a.  The 
linear  r^ression  coefficient  was  R^  » 0.557.  The  statistical 
mot  may  be  caused  by  tiie  chlorophyll  a  t^iecific 
absorption  differing  between  tiie  transects.  TheWaldberen 
transect  a  mainly  was  dominated  hy  Rhyzplema  delicatula 
and  a  high  silt  load,  (R^=0.045).  The  Noordwijk  transect 
□  diowed  Cryptopitytes  spec,,  (R*=0.631).  The  Texel 
transect  in  April  O  was  dominated  hy  Phaeocystis  mutxs, 
(R^=0.419).  The  Texel  transect  in  Juiie#mainly  showed 
Rhyzplema  spec,  (R^=0.686). 


5.4.  High  resohitioa  temporal  variatioa  of  optical  water  diaracteristics 

An  advantage  of  an  in  situ  instrument  as  congaued  to  laboratory  measurements  on  field  samities  is  tiie  possibility  to  measure 
hi^  resolution  time  series  in  the  fidd.  These  can  give  insight  to  the  occurrence  of  patchiness  and  allow  foe  investigation  of  tiie 
processes  associated  with  this  phenomenon,  as  will  be  illustiated  n«it.  Six  qiectra  were  measured  within  five  minutes  in  a  Uoom 
of  Phaeocystis  mucus  near  the  island  of  Texd.  The  variation  of  tiiese  spectra  around  their  mean  is  plotted  in  Figure  9,  showing 
rapid  variability  of  the  concentration  of  algae:  their  patchiness  on  this  time  scale  and  on  tiie  qiiatial  scale  of  the  instrument.  Also 
in  one  spectrum  it  qipears  that  only  tiie  silt  concentration  varied. 

Similar  results  were  obtained  in  the  Western  Scheldt  estuary,  here  the  variation  was  dominated  by  nqpid  changes  n  silt 
concentration.  Within  three  minutes  radiance  attenuation  at  one  station  changed  by  2  m'*,  while  Secchi  didc  transparency  varied 
from  0.8  m  to  0.5  m. 
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6.  DISCUSSION 


The  design  of  this  submersible  absorption  meter  was  based  on  close  correqrandaice  found  betwem  the  path  radiance  gain 
coefficient  under  ambient  light  ccmditions  and  the  fraction  of  scattering  coefficient  detected  by  the  q>erture  of  the  integrating 
si^here  In  other  words  the  measured  radiance  attenuation  is  close  to  the  measured  absorption  plus  backscattering.  The  in  situ 
i^lication  of  this  concqit  using  artificial  light  leads  to  ctmsistent  results. 

The  adjustable  path  length,  set  by  the  two  positions  of  the  radiance  sensor,  makes  the  instrument  scalable  and  suitable  to  measure 
a  wide  range  of  absorption  coefficients.  This  kind  of  instrument  allows  absorbing  plus  backscattering  characteristics  to  be 
measured  under  natural  conditions.  Sanqtling  techniques  may  change  the  optical  chanu:teristics  of  the  water  constituents.  The 
use  of  artificial  light  allows  measurements  of  radiance  attenuation  at  greater  dq)th. 

The  subnmsible  absorptiim  meter  measures  radiance  at  two  positions  from  the  li^t  source  in  a  short  time.  The  light  source  is 
required  to  be  stable  within  this  time  interval  but  may  drift  in  a  larger  time  interval.  If  (mly  one  positicm  is  used  then  a  high 
stability  of  the  light  source  is  required.  The  spectral  signature  of  the  light  source  can  be  inq>roved  using  a  Xenon  lanq>  which 
has  more  light  in  the  blue  region. 

The  radiance  attenuation  spectra  consist  of  several  components.  These  can  be  determined  with  different  techniques.  Water 
absorpticm  depends  only  on  temperature  The  known  qsectrum  of  water  can  be  subtracted  from  the  radiance  attenuation 
qwctrum.  Eventual  effects  of  multiple  scattering  can  be  recognized  by  a  residual  water  absorption  in  the  700-800  nm  wavelengdi 
range  as  multiple  scattering  increases  path  length  and  so  absorption,  b  principle  this  can  be  corrected  for.  The  absoiptimi  q>ectra 
of  aquatic  humus  can  be  determined  on  shipboard  and  subtracted  from  the  measured  attenuation  spectrum.  However,  this  will 
be  cumbersome  if  high  time  resolution  is  wanted.  Deftiult  absorption  spectra  of  aquatic  humus  can  be  used  in  this  case  Target 
factor  analysis  can  be  a  useful  tool  to  decompose  the  spectral  data. 


Figure  9a.  Patchiness:  rq>id  variability  of  the  absorption 
of  seawater  in  situ  near  the  island  of  Texel  in  a  bloom  of 
Phaeocystis  mucus.  Six  spectra  of  radiance  attenuation 
were  measured  in  a  four  minutes  interval  (thin  lines),  the 
bold  line  is  the  mean. 


Figure  9b:  The  variation  of  the  spectra  in  Figure  9a 
around  their  mean  is  plotted.  These  diflerence  spectra 
demonstrate  nqnd  changes  in  algal  concentration  on  tiiis 
time  scale  and  on  the  spatial  scale  of  the  instrument. 
Changes  in  chlorophyll  a  had  an  amplitude  of  70  percent. 
In  one  spectrum  only  the  silt  concentration  varied. 
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ABSTRACT 

A  phytoplankton  bloom  was  observed  between  67.2°S  and  68.5**$  which  extended  ovot  at 
least  4  degrees  of  longitude  from  84'’  to  88  "W  in  the  Bellinghausen  Sea.  The  northern 
boundary  of  the  bloom  was  associated  with  a  strong  eastward  flowing  surface  jet  of  low 
salinity  water.  The  controlling  factors  for  phytoplankton  growth  were  explored  by  examining 
north  to  south  transects  of  surface  stability,  inorganic  nutrients,  mean  mixed  layer  irradiance 
and  surface  currents.  The  only  parameter  found  to  change  along  with  the  phytoplankton 
biomass  was  the  mean  mixed  layer  irradiance,  which  approached  the  light  limitatitxi 
thresholds  for  Antarctic  phytoplankton.  A  hypothesis  to  explain  the  presence  of  the  high 
concentrations  of  phytoplan^n  is  a  positive  fe^back  mechanism  in  which  the  phytoplankton 
grow  well  in  the  low  light  conditions  of  the  mixed  layer.  The  high  concentrations  of  biomass 
reduce  the  light  sufficiently  to  allow  low  light-adapt^  phytoplankton  to  flourish,  in  contrast 
to  the  phytoplankton  in  the  clearer  waters  north  and  south  of  the  bloom. 


1.  INTRODUCTION 

Southern  Ocean  waters  are  unusual  for  their  oligotrophic  characteristics  even  during  the 
austral  spring  when  the  commencement  of  the  solar  heating  season  initiates  ice  melting  and 
surface  waters  become  stratified'.  The  major  inorganic  nutrient  levels  stay  relatively  high 
throughout  the  austral  summer^  and  therefore  do  not  limit  phytoplankton  growth. 
Phytoplankton  growth  theory  predicts  an  increase  in  phytoplankton  biomass  during  spring  due 
to  the  formation  of  stable  lenses  induced  by  ice-melting  but  these  rapidly  decay  at  the 
seaward  edge  by  deep  vertical  mixing  due  to  violent  winds^'^*’.  High  chlorophyll 
concentrations  are  typically  only  observed  in  isolated  patches  as  the  archive  of  chlorophyll 
measurements  from  the  CZCS  show*.  By  examining  a  spatially  extensive  bloom  which  last^ 
at  least  6  weeks,  this  paper  attempts  to  explain  how  a  phytoplankton  bloom  is  initiated  and 
maintained  in  these  waters,  and  discusses  the  limiting  factors  which  may  prevent  widespread 
blooms  in  the  Southern  Ocean. 
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During  winter  the  sea  ice  extends  some  250km  from  the  Antarctic  coastline,  and  rapidly 
retreats  at  the  start  of  the  solar  heating  season.  The  classic  model  attributes  the  initiation  of 
phytoplankton  growth  to  the  onset  of  stratification,  provided  surface  nutrient  levels  are  not 
bio-limiting’.  However,  this  seems  not  to  be  applicable  to  Southern  Ocean  waters  because 
recent  studies  in  the  marginal  ice  zone  of  the  Weddell  Sea  report  low  phytoplankton 
concentrations  in  areas  exhibiting  near-surface  stability,  where  the  major  inorganic  nutrients 
are  not  limiting  growth*-’.  Trace  nutrient  levels  may  limit  the  growth  of  phytoplankton. 
However  Lancelot*’  did  not  find  any  evidence  of  iron  limitation  in  studies  in  the  Weddell 
Sea. 


The  ice  communities  of  phytoplankton  are  possible  seed  communities  for  those  in  open  water. 
Lizotte"  has  shown  that  these  ice  communities  are  well  adapted  to  low  light  conditions, 
typically  photo-inhibition  occur  at  20Wm'’.  Any  phytoplankton  released  into  the  water  from 
melting  ice  would  have  these  characteristics  sdthough  in  some  species,  such  as  the  small 
pennates,  photo-adaptation  to  higher  light  levels  is  extremely  rapid  .  In  contrast,  larger 
diatoms  are  found  to  be  extremely  sensitive  to  and  unable  to  survive  a  change  from  low  to 
high  light  levels. 


There  is  evidence  that  oceanic  Antarctic  phytoplankton  only  grow  well  between  a  small  range 
of  light  levels.  For  example  Lancelot”  shows  that  ice  cover  greater  than  40%  prevents 
phytoplankton  growth.  In  contrast,  there  is  evidence  of  photo-inhibition  when  the  underwater 
solar  irradiance  is  greater  than  about  20Wm*’  (100  m  V')”-**-'*. 


Lancelot”  shows  that  during  the  period  of  ice  retreat  along  the  (0-20%  ice  cover)  a 
significant  phytoplankton  biomass  p^  was  observed  even  though  the  mixed  layer  depth  was 
approximately  constant  during  the  transect  along  the  49*’W  meridian.  Light  levels  are 
observed  to  vary  inversely  with  chlorophyll  concentrations.  The  results  of  her  model  show 
a  shallowing  of  the  mixed  layer  as  the  ice  melted,  and  between  0-20%  ice  cover,  a  mixed 
layer  depth  of  ~  60m  and  light  winds  an  increase  in  the  chlorophyll  concentration  due  to 
growth.  As  the  stable  layer  is  maintained,  and  ice  cover  diminishes  to  zero  the  chlorophyll 
bloom  is  reduced. 


Grazing  pressure  may  be  an  important  control  for  phytoplankton.  In  an  area  where  there  are 
large  fluctuations  in  chlorophyll,  one  would  expect  similar  fluctuations  in  phytoplankton 
groups,  with  those  preferred  by  zooplankton  populations  to  be  in  lower  concratrations  than 
those  least  preferred. 


SPIE  Vol.  2258  Ocean  Optics  XII  (1994)  191 


2.  THE  HIGH  PHYTOPLANKTON  BIOMASS  REGION  SAMPLED  DURING 
DISCOVERY  CRUISE  198. 

The  cruise  took  place  from  1 1th  November  to  17th  December  1992  and  included  an  intensive 
grid  survey  in  the  Bellinghausen  sea  (Figure  1).  A  region  of  high  chlorophyll  was  sampled 
between  67®S  and  68“S  which  extended  approximately  from  east  to  west  (Figure  2).  High 
phytoplankton  values  had  been  present  in  this  area  since  before  the  first  transect  sampled  by 
the  James  Clarke  Ross  on  12th  November  to  after  Discovery  left  the  area  on  10th  December. 
Chlorophyll  concentrations  as  high  as  7.5  mg  m‘^  were  measured.  The  northern  boundary  of 
the  high  phytoplankton  patch  coincided  approximately  with  a  density  front'*. 


Figure  1.  The  cruise  track  for  D198.  The  cruise  commenced  on  11th  November  1992  from 
the  Falkland  Islands  and  terminated  on  17th  December  1992  in  Punta  Arenas,  Chile. 
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Figure  2.  The  region  of  the  two  surveys  in  the  Bellinghausen  Sea,  an  area  centred  on  85°W 
and  between  65®S  and  69®S.  The  surveys  are  merged  in  the  diagram.  Survey  1  was  between 
23-28/11/92  and  Survey  2  was  between  2-8/12/92.  Underway  chlorophyll  values  were 
sampled  from  water  pumped  from  3m  below  the  surface  through  an  Turner  Designs 
fluorometer  (Model  10^5);  the  in  vivo  fluorescence  was  calibrated  using  by  comparing  with 
chlorophyll  values  measured  by  a  bench  fluorometer  (Turner  Designs  lOAU  fluorometer). 


To  the  north  of  the  high  chlorophyll  region,  between  65.0®S  and  66.8*S,  salinities  were 
relatively  high  (>33.75)  and  chlorophyll  values  were  in  the  order  of  1  mg  m*’.  Between 
66.8®S  and  67.2“S  there  was  a  low  salinity  band  of  water  (<  33.75)  with  high  eastward 
velocities  of  >  lOcm  s'‘  and  up  to  50  cm  s*‘  The  jet  persisted  between  67.2®S  and  67.4*S 
and  here  chlorophyll  values  were  high  (—4  mg  m*’),  as  was  salinity.  Between  67.4®S  and 
68.2**S  the  velocities  relaxed  and  chlorophyll  remained  high,  but  patchier  than  within  the  jet. 
Betwera  68.2®S  and  70.0®$  chlorophyll  values  were  low.  The  boundary  of  the  frontal  jet 
appears  to  delineate  a  physical  barrier  to  the  northward  extent  of  the  high  phytoplankton 
region.  However  it  is  less  clear  what  the  mechanism  for  the  southern  boundary  was,  and  the 
transition  to  negligible  chlorophyll  values,  between  68.0“S  and  68.5®S,  was  much  more 
diffuse  than  in  the  north. 
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The  vertical  structure  of  the  upper  part  of  the  water  column  revealed  two  pycnoclines;  the 
first  was  at  a  depth  of  70m  and  the  second  between  150  and  200m.  The  deeper  pycnocline, 
with  both  a  temperature  and  salinity  gradient  across  it,  has  been  identified  as  the  maximum 
depth  of  the  winter  mixed  layer'*.  TTie  shallower  pycnocline  was  characterised  by  a  halocline 
only  and  its  origin  may  be  due  to  summer  ice  melting,  therefore  having  a  shorter  history  than 
the  deeper  pycnocline.  The  mixed  layer  depth  shallowed  with  distance  to  the  south.  During 
Survey  2  it  was  close  to  100m  at  67.0“S  ,  whereas  at  69.0°S  it  was  only  58m.  However 
most  of  the  shallowing  was  between  67.0  and  67.6®.  The  high  chlorophyll  was  restricted  to 
the  upper  mixed  layer,  to  70m.  This  caused  considerable  shading  to  the  waters  below  due 
to  the  enhanced  attenuation  of  the  solar  radiance  by  the  presence  of  the  phytoplankton 
biomass. 


The  bloom  was  first  discovered  on  12th  November  by  the  James  Clark  Ross  (JCR)  while  the 
area  was  still  covered  with  ice,  although  the  ice  was  broken  enough  to  allow  the  ship  to  pass 
through  it  (Figure  3).  During  the  first  transect  the  ice  reached  as  far  north  as  66.5“S.  The 
bloom  was  sampled  again  on  19th  November  by  the  JCR,  the  ice  extending  to  67.3®N.  RRS 
Discovery  reached  the  area  on  22nd  November  by  which  time  the  ice  had  retreated  to  ~  69®S 
and  then  spent  15  days  in  the  area  repeatedly  sampling  the  bloom.  It  was  sampled  again  4 
days  later  along  88®W  during  the  passage  north.  Overall  the  bloom  was  sampled  over  a 
period  of  30  days,  during  which  time  chlorophyll  levels  remained  high,  typically  greater  than 
4  mg  m'^. 

The  aim  of  the  work  described  in  this  paper  was  to  examine  the  characteristics  of  the  ocean 
that  allowed  such  region  of  high  phytoplankton  biomass  to  develop  and  to  be  maintained, 
when  all  around  it  phytoplankton  biomass  concentrations  were  very  low. 

3.  METHODS 

Observations  of  water  properties  were  made  using  a  towed  undulating  system,  the  SeaSoar, 
and  by  sampling  water  from  a  pumped  supply  taken  3m  below  the  surface  when  the  ship  was 
underway.  The  SeaSoar,  develop^  from  the  Batfish'^  has  a  depth  range  of  ()-4(X)m  at  a 
towing  speed  of  4  ms  '  (8  knots)  and  uses  a  fully-faired  conducting  cable  to  communicate 
measurements  in  real-time  from  CTD  sensors,  a  fluorometer  and  a  PAR  sensor.  The 
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Figure  3.  Transects  along  85 ®W  showing  chlorophyll  a  (mg  m*’),  surface  samples,  and  the 
retreat  of  the  ice  cover, 
a)  12/11/92  b)  19/11/92  c)  7/11/92; 

a)  and  b)  from  RRS  James  Clarke  Ross,  b)  from  RRS  Discovery. 
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fluorometer  (Chelsea  Instruments  SubAquatracker)  is  used  to  determine  the  phytoplankton 
chlorophyll  concentration  and  the  PAR  sensor  measures  photosynthetic^y  available 
radiation.  SeaSoar  operational  methods  follow  tose  described  in  Fasham*'.  Data  were 
averaged  once  per  second  giving  a  vertical  resolution  of  Im,.  The  undulation  cycle  length 
was  3km.  Data  were  interpolated  onto  a  two-dimensional  grid,  resolved  to  8m  in  the  vertical 
and  horizontally  to  0.(14“  latitude.  Sigma-0  was  calculated  from  measuremrats  of 
conductivity,  temperature  and  depth  following  the  method  described  in  Millero'’. 


Fluorescence  measurements  were  calibrated  and  converted  to  chlorophyll  concentrations  by 
comparing  fluorescence  measurements  with  smaller  data  sets  of  extracted  chlorophyll 
concentrations.  These  were  obtained  from  the  same  body  of  water  as  the  fluorometer, 
collected  every  hour  from  sub-surface  water  along  the  transects. 


The  downwelling  irradiance  PAR  sensor  and  the  other  irradiance  channels  on  the  SeaSoar 
were  calibrated  before  the  cruise  on  an  optical  bench  by  comparing  the  sensor  signal 
recorded  with  a  standard  detector  (United  Detector  Technology  (UDT)  81  radiometer)  having 
NBS  traceable  calibration  and  giving  measurements  in  fiW  cm'^  Regression  of  the 
irradiance  sensor  signals  and  the  light  intensity  measured  by  the  UDT  at  a  series  of  distances 
from  a  constant  light  source  provide  the  calibration  constants  used  to  give  measurements  of 
relative  intensity.  The  downwelling  diffuse  attenuation  coefficient  (K^par)  was  calculated  from 
the  gradient  of  the  downwelling  PAR  irradiance  after  resolution  in  8m  depth  bins. 


Downwelling  above-surface  PAR  was  measured  using  Didcot  cosine  collectors  (spectral 
range:  4(X)-700nm)  located  port  and  starboard  on  the  forward  mast.  Calibration  was  carried 
out  by  the  manufacturer  prior  to  the  cruise  during  installation  of  the  sensors. 


Surface  currents  were  measured  by  means  of  a  hull-mounted  RD  Instruments  ISOKHz  an 
Acoustic  Doppler  Current  Profiler  (ADCP)^'.  The  use  of  ADCPs  for  calculating  current 
vectors  are  now  routine”. 
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4.  FACTORS  CONTROLLING  THE  LOCATION  OF  THE  PHYTOPLANKTON 
BLOOM 


The  northern  and  southern  boundaries  of  the  bloom  may  be  influenced  by  a  changing  flow 
regime,  by  changing  water  masses  which  vary  in  terms  of  nutrients  or  mixed  layer  dq)ths. 
The  light  available  for  growth  may  also  be  a  limiting  factor  for  phytoplankton  growth. 
Grazing  by  zooplankton  may  rapidly  reduce  the  phytoplankton  biomass.  The  following 
section  examines  how  these  parameters  changed  with  latitude  from  the  region  north  of  the 
front,  to  within  the  high  chlorophyll  region  and  to  south  of  it.  By  identifying  the  parameters 
that  varied  significantly  it  should  be  possible  to  determine  the  likely  cause  of  the  persistence 
of  the  high  phytoplankton  values  in  the  region. 


The  northern  boundary  of  the  bloom  was  associated  with  a  density  front  (Figure  4),  along 
which  there  was  an  eastward  flowing  jet.  Between  67.4°S  and  68.2°S  there  was  a  region  of 
current  flow  with  low  velocities,  which  may  be  a  possible  accumulation  zone  for  both 
phytoplankton  and  zooplankton.  However  north  of  this,  between  67.2®S  and  67.4“S  the 
eastward  flowing  jet  of  water  also  had  high  phytoplankton.  High  biomass  values  may  build 
up  when  currents  slacken,  allowing  accumulation  in  the  region,  but  the  presence  of  the  jet 
containing  high  biomass  cannot  be  reconciled  with  this  argument.  In  the  south  there  was  no 
real  evidence  of  a  frontal  jet,  which  could  provide  a  region  for  strong  dispersal,  but  the 
velocities  were  higher  here  than  within  the  phytoplankton  maximum.  However  the  surface 
current  velocities  (Figure  5)  indicate  the  presence  of  an  anticyclonic  gyre.  The  central  part 
of  this  would  be  expected  to  be  a  zone  of  accumulation,  whereas  the  outer  reaches  a  likely 
zone  of  dispersal. 

The  location  of  a  phytoplankton  bloom  may  be  determined  by  the  horizontal  variation  in  the 
stability  of  the  upper  few  hundred  meters  of  the  water  column.  The  stability  can  be  described 
by  calculating  the  Brunt  Vaisalla  Frequency,  defined  as  N  where 

p  oz 


However,  when  this  was  calculated  from  the  8m  depth  interval  gridded  data  for  section  A 
in  Survey  1,  there  was  no  apparent  latitudinal  variation  in  stability  to  account  for  the 
increased  chlorophyll  south  of  the  surface  front  at  67®S.  The  values  of  sigma-0  and  N*  are 
shown  in  Figure  6a  and  6b. 


It  is  possible  that  the  major  inorganic  nutrients  were  biolimiting  outside  the  region  of  high 
chlorophyll.  However  this  was  not  found  to  be  the  case  as  values  were  generally  high.  For 
example  inorganic  nitrate  values  were  9-10  /xmols  1'  in  the  chlorophyll  maximum,  and  20 
^mols  r‘  in  the  region  to  the  north  of  the  bloom  where  chlorophyll  values  were  low  .  There 
is  no  evidence  from  our  study  that  the  bloom  was  limited  by  the  major  inorganic  nutrients. 
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Figure  4.  Section  along  transect  B,  survey  2  showing  Seasoar  data,  a)  Sigma-O. 
b)  Chlorophyll  from  in  vivo  fluorescence  (mg  m-»).  c)  Downwelling  PAR  (In  /xW  cm*), 
d)  Diffuse  attenuation  coeffleient  at  SSOnm  (K455Q)  (m**). 
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Figure  5,  Surface  currents, 

measured  by  ADCP  (10  cms  Figure  6.  Diagram  to  show  the  well-mixed  surfoce 

layer  using  Section  A,  from  Survey  1  as  an  example, 
a)  Sigma-0  (kg  m*’)  and  b)  The  Brunt  Vaisala  frequency 
(1^  (cycles  per  hour). 


The  distribution  of  zooplankton  in  the  surface  mixed  layer  was  closely  associated  with  the 
phytoplankton  biomass^.  There  is  no  evidence  that  zooplankton  grazing  was  great  enough 
to  significantly  diminish  the  bloom  in  the  surface  mixed  layer. 


The  effect  of  the  phytoplankton  bloom  was  to  reduce  significantly  the  amount  of  PAR 
penetrating  into  the  upper  ocean  (Figure  4).  The  1  %  light  level  was  found  in  the  r^ion  of 
the  bloom  at  about  30m,  whereas  outside,  it  reached  >  80m.  The  attenuation  of  the  light  can 
be  attributed  to  the  phytoplankton  bloom  as  the  diffuse  attenuation  coefficient  for 
downwelling  irradiance  at  550  nm,  the  wavelength  where  absorbtion  by  chlorophyll  and 
dissolved  organic  material  is  relatively  small,  shows  a  maximum  at  the  same  location  as  the 
bloom.  When  the  mean  values  (for  the  top  50m)  of  K^j©  is  compared  with  chlorophyll 
(Figure  7)  there  is  a  good  relationship,  implying  that  the  attenuation  is  mostly  attributable 
to  ^e  phytoplankton. 
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Figure  7.  The  relationship  of  K^ar  (™**)  and  chlorophyll  (mg  m*’)  from  SeaSoar;  both  are 
averaged  over  the  top  50m. 


These  results  show  that  there  was  no  significant  change  in  the  dq)th  of  the  mixed  layer  from 
65”$  to  69**$.  Furthermore,  although  the  inorganic  nutrient  levels  were  reduced  in  the  high 
phytoplankton  region,  they  were  not  biolimiting.  Howev^  there  is  evidence  of  a  change  in 
current  flow  from  north  to  south,  with  a  coitral  region  of  low  currents  associated  with  the 
high  phytc^lankton  concentrations.  However  the  fact  that  thoe  were  high  chlorcq)hyll  values 
within  the  southern  part  of  the  jet  suggests  that  current  flow,  and  tlw  forces  of 
accumumalation  and  dispersal  were  not  the  dominant  factor  in  controlling  growth.  The 
zooplankton  distributions  in  the  surfiu:e  mixed  layo*  do  not  suggest  high  grazing  pressure  on 
the  phytoplankton.  The  most  significantly  varying  parameter  is  the  light  avail^le  in  the 
mixed  layer,  due  to  the  high  attenuation  by  the  phytoplankton  biomass. 
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5.  DISCUSSION 


The  penetration  of  PAR  below  the  surface  was  strongly  influenced  by  the  phytoplankton 
biomass.  In  the  bloom  the  mean  illumination  that  the  phytoplankton  were  exposed  to  as  they 
circulated  by  turbulent  mixing  in  the  wind-mixed  layer  was  considerably  less  than  for  those 
phytoplankton  outside  the  bloom.  A  possible  mechanism  to  sustain  their  growth  within  the 
bloom  is  that  the  high  biomass  restricts  the  mean  mixed  layer  illumination.  If  they  are  low 
light-adapted  phytoplankton  having  been  seeded  from  ice  communities,  then  those  in  the 
bloom  would  grow  better  than  those  outside  it  where  the  high  light  levels  would  inhibit 
growth.  In  other  areas,  the  bloom,  once  established  creates  the  shading  necessary  to  nurture 
growth. 


The  transect  along  85  ®W  on  12/11/92  (Figure  3)  shows  that  there  was  still  ice  cover  as  far 
north  as  66.4“S  and  yet  chlorophyll  v^ues  up  to  S  mg  m  *  between  67.5  and  68.5*S.  The 
phytoplankton  biomass  was  high  under  the  low  light  conditions  under  the  ice.  This  suggests 
that  the  phytoplankton  were  adapted  to  low  light  conditions. 


A  hypothesis  can  be  posed  that  phytoplankton  of  the  low  light-adapted  species  can  only 
develop  under  the  ice.  Once  established,  however,  as  the  ice  thins  and  mdts  completely,  the 
high  biomass  may  continue  to  protect  the  phytoplankton  from  high  illumination  levels. 
Outside  the  bloom  area,  the  phytoplankton  in  the  mixed  layer  will  be  exposed  to  higho’  mean 
mixed  layer  illumination,  and  the  low  light-adapted  phytoplankton  will  fare  badly.  This  would 
imply  that  a  critical  parameter  (shading/mixed  layer  depth)  may  have  to  be  attained  for 
optimal  growth.  There  is  evidence  from  the  phytoplankton  counts  that  the  phytoplankton 
outside  the  bloom  region  were  pale  in  colour  and  unhealthy,  whereas  those  in  the  bloom  were 
in  good  condition. 


A  comparison  of  mean  light  values  and  concentrations  of  chlorophyll,  from  in  vivo 
fluorescence,  in  the  mixed  layer  shows  that  in  the  region  of  the  bloom  the  mean  light  levels 
were  ~  12  Wm'^,  whereas  to  the  south  of  the  bloom  they  increased  to  about  16  W  m'^ 
(Figure  8a).  The  mixed  layer  was  determined  as  a  difference  in  sigma-0  of  less  than  0.02. 
The  mean  mixed  layer  concentrations  of  chlorophyll  and  PAR^  were  calculated  simply  by 
averaging  the  gridded  data  from  the  surface  to  die  dq}th  of  the  mixed  layor.  The  values  of 
PARj  were  close  to  the  light  saturation  levels  for  Antarctic  phytoplankton'*.  So  although  PAR 
values  above  the  surface  values  range  from  0  -  300  W  m*^  over  24  hours,  the  phytoplankton 
circulating  in  the  mixed  layer  received  a  much  smaller  amount  of  light  due  to  their  passage 
from  dark  to  light  waters  as  they  circulated  in  the  mixed  layer. 
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Figure  8.  a)  Mixed  layer  chlorophyll  (mg  m  ’)  (from  calibrated  fluorescence!  olotted 
^raraelers  (r-0.62).  b)  As  a)  but  in  this  case  PAR,  is  nomialised  with  siufece  PAR, 


When  P ARj  is  normalised  to  sub-surfrux  light  values  an  invme  relationship  between  mixed 
layer  PAK^  and  diloroirfiyll  is  observed  (Figure  8b).  The  data  is  presented  in  a  scatter  plot 
(Figure  9)  and  the  conelaticm  is  -0.616,  N=s59.  High  mixed  layn*  chlorophyll  is  correlated 
with  low  mixed  layer  light. 


mlchl 

Figure  9.  Mixed  layer  chlorophyll  and  PAR^  (normalised  to  surface  PAS4)  between  6S.S*S 
and  68.0*’S,  Survey  1,  Section  A. 
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6.  CONCLUSIONS 


The  data  presented  suggests  that  the  phytoplankton  that  circulated  in  the  mixed  lay^  were 
rather  sensitive  to  a  critical  range  of  light  levels.  The  growth  of  the  low-light  ad2y>ted 
phytoplankton  may  be  controlled  by  a  positive  feedback  mechanism.  Our  hypothesis  is  that 
blooms  occurring  under  the  ice  must  develop  a  critical  biomass  before  the  retreat  of  the  ice 
so  that  they  can  be  sustained  by  their  own  shade.  This  may  be  a  delicate  balance,  dqmiding 
on  the  rates  of  grazing  by  zooplankton.  This  mechanism  may  favour  the  larger  diatoms  like 
Phaeocystis,  which  are  not  the  preferred  food  of  zooplankton. 
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ABSTRACT 

Biological  and  optical  measurements  were  compared  during  studies  in  Bedford  Basin,  Nova  Scotia.  A  princqtal 
objective  was  to  evaluate  a  tethered  spectral  radiometer  buoy,  which  measured  downwelling  inadiance  at  490  nm  and 
iqiwelling  radiance  in  wavebands  corresponding  to  the  SeaWiFS  satellite,  along  with  the  fluorescence  of  chlorophyll  a. 
Movements  of  the  buoy  and  changes  in  solar  spectral  irradiance  influenced  measurements.  Nonetheless,  records  oi  iqiwelling 
radiance  clearly  described  qttical  variability  in  the  water.  For  example,  Uuergreen  radiance  ratios  were  weU  coirelated  widi 
water  tianqnrency.  consistent  widi  a  published  relatkmshq),  but  for  greener  and  more  turbid  waters  than  previously  studied. 
Optical  profiles,  including  diffuse  attenuation  at  3  wavelengths,  detected  a  subsurface  dinoflagellate  Uoom  in  August  1993. 
When  die  bloom  was  entrained  into  surface  waters  by  afternoon  winds,  the  radkxneta'  buoy  easily  distinguished  darker,  red 
water  from  the  background  green  water.  During  the  study,  a  red:green  radiance  ratio  and  a  measure  of  chlortqthyll 
fluorescence  (683  nm:670  nm  radiance  ratio)  were  well  corelated  with  chlorqthyll  concentration  near  the  surface,  wbeiw 
green:Uue  ratios  were  not  Optical  detection  of  a  bloom  during  its  development  demonstrates  that  simple  autonomous 
instruments  might  be  used  for  detecting  some  phytofdankton  blooms  prior  to  significant  environmental  impaci 

1.  INTRODUCTION 

Ocean  colm  (water-leaving  radiance)  is  an  easily  obsorved  and  immensely  informative  optical  property.  The 
magnitude  and  spectral  distribution  of  water-leaving  radiance  depends  on  the  characteristics  of  solar  irradiance  at  the  surface 
and  the  optical  properties  of  the  upper  water  column.  These  optical  properties  are  strongly  influenced  by  biogenic  particles 
(phytoplimktont,  and  to  a  lesser  extent  bacterk^lankton  and  viruses^*^,  which  vary  in  concentration,  size-distributioa  and 
cellular  optical  characteristics^.  Thus,  in  the  open  ocean,  local  biological  processes  are  largely  responsible  for  the  tenqxxal 
and  spatial  variability  in  optical  properties  such  as  ocean  color  and  water  iranq»iency.  The  situation  is  more  complica^  in 
coastal  waters,  because  large  and  varying  quantities  of  absorbing  and  scattering  materials  can  be  introduced  to  surftce  waters 
from  sediments  and  terrestrial  sources^.  Nonetheless,  phytoplankton  are  more  abundant  and  variable  near  the  coast7>  >,  and 
their  optical  properties  are  distinct  from  other  absorbing  and  scattering  materials’,  so  it  is  worthwhile  to  pwsue  optical 
methods  for  detecting  biological  variability  in  coastal  waters. 

Spatial  and  temporal  variability  in  the  concentrations  and  physiological  properties  of  microsot^  plankton  has  been 
studied  for  some  time,  but  the  optical  manifestations  of  this  varudnlity  are  still  being  explored^*  a  central  objective  of 
our  research  program  is  to  examine  the  links  between  optics  and  biology  in  the  sea.  One  goal  is  to  describe  varial^ty  in 
phytoplankton  biomass,  community  structure,  and  water  transparency  in  terms  of  downwelling  irradiance  and  upweUing 
radiance,  measured  at  the  surface  in  coastal  waters  with  instruments  that  are  aiquopriale  for  autonomous  dqiloyment  on 
moorings  or  drifters.  We  describe  here  some  preliminary  observations  and  interpretations  that  may  he^  widi  the  analysis  di 
data  from  optical  buoys  in  coastal  or  open-ocean  waters. 

2.  APPROACH 

Biological  and  optical  sampling  was  conducted  ftom  small  (ca.  8  m)  boats  during  1992  and  1993  in  Bedford  Basin, 
near  Halifax,  Nova  Scotia.  Observations  were  made  regularly  during  each  spring,  but  ice  and  strong  salinity  gradients  near 
the  surface  made  it  difficult  to  obtain  reliable  data  on  sereral  dl  the  sam|ding  days.  An  intensive  study  was  conducted  from 
17  to  20  August.  1993,  during  a  predominaittly  subsurface  bloom  of  the  non-toxic  dindlagellaie,  Gonyaulax  digitale  >4.  Sets 
of  observations  were  made  each  morning,  near  midday,  and  late  afternoon.  About  one  week  subsequent  to  the  study,  anoxia 
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in  the  nordiem  reaches  of  the  Basin  caused  a  fish  kill  that  generated  consideiaUe  public  interest.  Our  qptical  observations 
from  the  week  befrxe  made  it  easier  to  associate  the  anoxia  with  the  decline  of  the  dinoflagellate  bloom. 

2.1  McasaremeDt  of  surface  irradfauice  and  near-surface  upweiling  radiance 

A  Tethered  Spectral  Radiometer  Buoy  (TSRB;  Satlandc,  Inc.)  was  deployed  from  the  boat  for  about  1  h  or  less  during 
each  set  of  observations,  drifting  near  the  boat  at  the  end  of  a  100  m  conducting  cable.  It  recorded  downwelling  solar 
irradiance  at  490  nm  (Ed49o:  /iW  cm-2  nm-i)  and  upweiling  radiance  (Lu;  cm-^  nm-^  sri)  in  seven  wavebands 
coneqxmding  to  the  six  ban^  of  the  SeaWiFS  ocean  colw  smellhe,  and  a  channel  for  the  fluorescence  of  chlorophyll  a  (Fig. 
1).  The  TSRB  is  similar  to  the  Expendable  Spectral  Radiometer!^  (ESR)  which  is  a  drifter.  The  ESR  transmits  through  the 
ARGOS  satellite  a  statistical  summary  of  measurements  over  the  previous  1  h.  With  a  sampling  frequency  of  1  s*! ,  the  TSRB 
is  suited  for  examining  the  influence  of  shmt-term  variability  on  those  1-h  averages. 


- StaWiFS - Radlometaf  Buoy| 


Wavelength  (nm) 


Rg.  1.  Transmission  characteristics  of  the  filters  <mi  the  l^RB  (dashed  line)  compared  to  the  SeaWiFS  ocean  ctdor 
satellite  (solid  line).  Nominal  wavelengths  are  412, 443, 490, 510, 553,  and  670  nm.  The  TSRB  has  an  additional 
band  (10  nm  half-band  width)  at  683  nm  (not  shown)  for  the  estimation  of  fluorescence  from  chlorophyll  i*!. 

2J  Vertical  profOcs  of  downwcUlBg  spectral  irradfauce 

During  1992,  an  £6490  sensor  was  lowered  and  raised  through  the  water  column  to  estimate  the  attenuation  of 
downwelling  irradiance.  Measurements  were  normalized  relative  to  solar  irradiance  with  reference  to  a  Biospherical 
Instruments  QSL-100  quantum  scalar  irradiance  meter  (400  •  700  nm)  on  deck,  against  a  black  background.  Diffuse 
attenuation  of  downwelling  spectral  irradiance  (K490;  m-i)  was  calculated  for  0.5  m  intervals,  and  averaged  for  up-  and 
down-casts. 

In  August,  1993,  a  profiling  K-meier  was  used  to  measure  K  at  3  wavelengths:  412, 510,  and  555  nm  (filien  as  in  Fig. 
1).  Two  sets  of  the  three  Ed  sensors  were  attached  to  a  frame,  separated  by  1.4  m.  This  distance  is  adjustable;  for  turbid 
coastal  waters,  a  smaller  sqiaraiion  would  be  better.  The  K-meter  also  measured  pressure  and  temperature,  and  transmitted 
data  to  a  logger  on  dedc.  Diffuse  attenuation  at  each  wavelength  was  calculated  appropriately  from  the  difference  between  die 
lower  and  upper  sensors,  and  is  reported  for  die  mid-point  depth. 
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23  Other  measurements 


A  Sea-Biid  Seacat  19  CTD  was  used  for  vertical  profiles  of  tonperature  and  salinity.  It  was  equipped  with  a  SeaTech 
transmissometer  with  a  25  cm  pathlength  and  a  SeaTech  fluOTometer.  Beam  attenuation  (c;  m'l)  was  corrected  for  the 
contribution  from  water  by  subt^ting  0.364  m->,  as  specified  by  the  manufacturer.  The  flumometer  was  saturtded  when  it 
encountoed  the  subsurface  algal  bloom. 

Discrete  samples  for  the  measurement  of  chltxophyll  a  (Chi)  and  microsct^  cell  enumeration  were  taken  fiom  0.5 
cm  I.D.  Tygon  hose,  tapei  to  exclude  light.  To  achieve  maximum  vertical  resolution  and  cotieqxMidence  between  profiles 
and  discrete  samples,  the  inlet  was  attached  to  the  CTD  very  close  to  the  fluorometer  sensor.  A  small  centrifugal  pump  ^ttle 
Giant,  model  2E-N)  provided  pr(q)ulsion.  Samples  ioi  physiological  measurements  (not  reported  here)  were  taken  from  a 
Nisldn  bottle  attached  close  to  the  CTD.  The  concentration  of  Chi  was  determined  fluorom^cally  on  triplicate  samples, 
collected  on  Whatman  GF/F  filters,  and  extracted  for  at  least  24  h  at  -lO'tr  in  the  dark,  using  DMSO:90%  acetone  (1:3)  as  a 
solvent.  The  fluorometer  (Turner  Designs  10-(X)5R  with  CtHning  filters  and  a  blue  lamp)  was  calibrated  with  Chi  from 
Sigma. 


3.  EVALUATION  OF  THE  RADIOMETER  BUOY 

Consistent  with  modern  demands  for  radiometric  accuracy,  the  TSRB  is  designed  and  calibrated  to  exacting 
qrecifications.  Once  the  inSitument  is  dqrloyed,  however,  it  encounters  many  insults  that  conquomise  accurate  recording  of 
Lu  and  Ed.  Wave  action  is  an  obvious  p^lem  for  a  floating  instrument,  and  all  of  our  records  show  slKxt-teim  variability 
associated  with  tilting  and  bobbing  of  tte  TSRB.  Currents  or  wind  can  cause  a  tethered  instrument  to  tilt  in  one  direction:  that 
problem  will  be  discussed  below.  For  long-term  deployments,  mechanical  damage  and  fouling  are  concerns.  One  of  our 
mo(^gs  was  sheared  by  ice.  An  expendable  drifter  with  inflatable  flotation  dis^tpeared  prematurely  in  the  equatorial 
Pacific.  POssi*'ly,  it  attracted  a  shark.  We  address  here  the  variability  that  was  observed  during  relatively  short  deployments 
of  the  TSRB  in  a  protected  embayment 
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Fig.  2.  Measurement  fiom  the  TSRB  on  9  August,  1992,  in  Bedford  Basin,  under  clear  skies  and  gentle  winds,  with 
little  wave  action.  Atlantic  Daylight  time  is  1  h  16  minutes  later  than  local  ^qiarent  time.  A.  Ed49o.  B.  TSRB 
reflectance  at  490  nm  [R(490>i-srb>  >  e.,  Lu49(^Ed49o]. 

3.1  Variability  associated  with  orientatioD  of  the  buoy 

Data  from  a  calm,  clear  afternoon  illustrate  the  influence  of  orientation  on  measurements  of  Ed  and  Lu.  During  the 
deidoyment,  the  tilt  of  the  tethered  buoy,  an>arently  caused  by  gentle  currents  and  drifting  of  the  boat,  changed  with  a  period 
of  abwt  3  min,  producing  substantial  artifactual  variation  in  Ed49o  (Fig  2A).  A  measure  of  reflectance  (here  referred  to  as 
R(^)tsrb  ^  Lux  /  Ed49o:  units,  sri)  was  also  affected  severely  (Fig.  2B).  Longer-term  changes  (i.e.,  over  1  h),  however,  were 
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consistent  with  expectation.  The  relative  decline  of  EcUqo.  detennined  by  linear  regression,  closely  matched  that  predicted  for 
clear  skies  at  dial  time  (Bird  and  Riordan  modeU^,  modified  slightly).  Changes  in  the  upwelling  radiance  spectrum  also 
matched  model  predictions:  the  ratio,  Lu4i2:Lu67o  declined  8%  over  the  hour  depicted  in  Fig.  2;  similariy,  the  model,  not 
completely  tuned  to  local  atmospheric  conditions,  predicted  a  decline  of  6.4%.  It  seems  that  averaging  data  for  S-10  min 
would  be  adequate  to  obtain  a  good  representation  of  Ed  and  Lu  under  these  conditions. 

Devimions  associated  with  motion  of  the  buoy  can  be  described  by  subtracting  the  linear  trend  from  the  record  of 
Ed49o.  Comparison  of  R(490)tsrb  with  the  Ed49o  residual  shows  that  estimated  reflectance  was  strongly  influenced  by  the 
orientation  of  the  buoy.  The  nature  of  the  relationship  (Fig.  3A)  is  consistent  with  large  changes  of  Ed  as  the  sensor  points 
toward  and  away  from  the  sun,  coupled  with  weak  varuuion  of  Lu.  as  expected  for  a  diffuse  upwelling  radiance  field  near  the 
surface^.  For  less  obvious  reasons,  the  ratio.  Lu443:Lu555  is  also  correlated  with  the  Ed49o  residual,  indicating  that  tilting  of 
the  buoy  caused  about  ±15%  variation  of  that  radiance  ratio. 
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Fig.  3.  Deviations  of  c^cal  measurements  as  influenced  by  orientation  of  the  buoy.  Tilting  of  the  buoy  toward  and 
away  from  the  sun  is  represented  by  the  residuals  from  a  linear  regression  of  Ed49o  vs  time.  Same  record  as  in  Fig.  3. 

A.  R(490)tsrb  vs  Ed49o  residual.  B.  LU443  /  l-tisjs  vs  Ed49o  residual. 

3  J  Varfatbilhy  from  changes  in  solar  spectral  irradiance 

Optical  variability  near  the  sea-surface  is  often  described  with  upwelling  radiance  ratios>9,  and  interpretation  of  these 
measures  involves  relating  them  to  absorbing  and  scattering  materials  in  the  water^o.  21.  it  is  thus  desirable  to  account  for  any 
changes  in  upwelling  radiance  ratios  that  are  due  to  variable  spectral  quality  of  solar  irradiance.  The  direct  solution  is  to 
measure  Edx  at  all  wavelengths  corresponding  to  Liql.  but  that  is  not  always  practical  or  affordable.  Instead,  one  could  resort 
to  solar  radiation  models  of  varying  complexity  to  predict  changes  in  clear-sky  spectral  irradiance  during  deployments. 
Compared  to  the  variability  in  Lu  ratios  tlut  we  expect  in  coastal  waters,  predicted  diel  changes  in  ratios  of  solar  spectral 
irradiance  are  fairly  small  (as  shown  in  section  3.1)  attd  wdl-behaved.  Also,  in  the  context  of  spectral  variations  discussed 
here,  uniform  cloud  cover  is  close  to  spectrally  neutral.  Thus,  if  estimates  of  spectral  reflectance  were  desired  from  TSRB 
data,  it  would  seem  reasonable  to  convert  Ed49o  measurements  to  Edx  using  modeled  solar  spectra. 

Partial  clouds  present  a  problem.  When  they  don’t  block  the  sun,  they  can  be  good  reflectors  of  sunlight,  causing 
measurements  of  Ed  exceeding  clear-sky  values  (S.  KkLean,  pers.  comm.).  When  a  cloud  occludes  the  sun  while  much  of  die 
sky  is  clear,  direct  sunlight  is  attenuated  to  a  greater  extent  than  difl'use  sunlight,  which  is  relatively  Uuei*.  As  a  result,  the 
longer  visible  wavelengths  of  solar  spectral  irradiance  are  differentially  attenuated  when  patchy  clouds  Mock  the  son,  and 
upwdling  radiance  ratios  shift  toward  the  blue  (Fig.  4).  The  effect  is  not  overwhelming,  but  it  is  rapid,  and  could  conceivably 
be  misinterpreted  if  only  Lu  ratios  were  measured. 
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Fig.  4.  The  influence  of  patchy  clouds  on  measurements  flom  the  TSRB.  Observations  from  Redberry  Lake, 
Saskatchewan,  Canada,  9  June  1993.  The  water  is  green  because  light  is  absoibed  principally  by  water  and 
abundant  dissolved  organic  matter.  Chi  was  relatively  low  (ca.  1.5  mg  m-3)  and  bkdogically-indnced  optical 
variability  should  have  been  slight^.  A.  Ed49o  vs  lime  during  die  passage  of  patchy  clouds  in  front  of  the  sun;  1- 
min  averages.  B.  The  ratio,  Lu443:Lu33s  vs  Ed49o,  showing  that  the  blue:green  ratio  increased  about  20%  when  a 
cloud  Mocked  the  sun. 

3  J  BioiogicaBy«indoced  variability 

Despite  the  potential  for  interference  fixxn  extraneous  factors,  the  TSRB  has  effectively  detected  InMogically  induced 
optical  variability  in  coastal  watos.  For  example,  during  a  deployment  in  Bedford  Basin,  upweUing  radiance  ratios  clearly 
showed  the  influence  of  a  dinoflagellate  bloom  on  near-surface  optical  properties  (Hg.  5  and  the  ftdkiwing  section).  It  is 
noteworthy  that  a  rough  measure  of  Chi  fluorescence,  the  683:670  upweUing  radiance  ratio,  covaiies  strongly  with  die 
blue:gieen  radiance  ratio,  a  more  conventional  index  of  Chi  which  can  be  seriously  compromised  in  coastal  walers23.  When  a 
measure  of  fluorescence  covaries  with  a  reflectance  ratio  determined  by  absorption  and  scatter,  even  during  minor 
fluctuations,  the  patterns  loMc  more  like  biology  and  less  like  noise. 

The  importance  of  upweUed  radiance  in  red  wavelengths  for  the  description  of  biological  vatialnlity  is  Ulustrated  by  a 
comparison  of  radiance  ratios  with  Chi  (Fig.  6).  Log-log  plots  can  make  relationships  kxdc  better  thm  they  reaUy  are. 
Nonethdess,  it  is  clear  that  both  the  Lu^gaiLu^yo  and  Lu^vorl^sss  ratios  were  superior  to  greeniMue  (or  Uuergreen)  ratios  for 
describing  variability  of  Chi  during  this  study.  The  result  might  not  be  surprising,  considering  that  a  red-tide  event  was 
observed.  During  the  qaing  bloom  of  1992,  a  different  wavdength  pair  did  a  better  job  of  predicting  Chi  (Lu532:Lo562  from 


Hg.  5.  UpweUing  radiance  rdios  measured  with  the 
TSRB  during  a  deidoyment  on  18  August,  1993, 
between  13:40  and  14:10  local  time.  The  buoy  was 
drifting  through  patches  of  red  water  which 
appeared  as  a  subsurface  dinoflagellale  bloom  was 
entrained  into  the  mixed  layer.  The  ratio, 
is  positively  correlate  with  Chi  in  the 
qien  ocean,  llie  ratio,  Lu683:Lu670  is  a  crude 
measure  of  solar  stimulated  Chi  fluorescoice.  For 
diis  plot,  the  two  parameters  have  been  scaled 
proportionaUy  so  that  relative  changes  in  each  line 
are  equivalent  Data  were  smoothed  with  a  locaUy- 
weighted  least  squared  error  method  wiA  die  closest 
3%  of  the  data  considered  (Kaleidagnph,  Synergy 
Software), 


an  eariy  filter  set;  data  not  shown,  R2  s  0.9,  n  s  14). 


Time 
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Hg.  6.  RdationshqM  between  ratios  of  npwelling  radiance  and  measurements  oi  Gil  (mg  m'3).  Upwelling  radiance 
firom  the  TSRB  was  averaged  for  the  60  s  closest  to  die  time  of  samjding  for  Oil  at  0.S  m.  Regressions  are  far  log* 
tranrformed  data. 


4.  OPTICAL  DETECTION  OF  A  RED  TIDE 

The  dinoflageUateUoom  during  August  1993  was  detected  in  numerous  ways.  During  equi|anent  tests  on  the  momii^ 
of  August  6,  an  intense  subsurface  layer  was  observed  in  the  thermocline  at  about  4  m.  Beam  attenuation  exceeded  8  m-i  and 
the  thickness  ol  the  subsurface  peak  was  1  m  or  less.  Two  wedcs  later,  during  the  intensive  study,  a  similar  subsurface  layer 
was  observed  each  morning  (Fig.  7A).  The  bQrer  was  composed  of  relativdy  large  dinoflagdiales,  dominated  by  fae  non¬ 
toxic  Gonyaulax  digltale  (30  -  45  pan).  Small  flagellated  phytoidankton  (3  •  S  /an)  and  odier  dincrflagellaies  (Prorocentnm 
minimum,  12  -  IS /on)  populated  the  entire  euphoric  zone.  Profiles  (tf  diffuse  attenuation  clearly  distinguished  die  subsurface 
layer  (Fig.  8A).  During  the  aflemoons,  freshening  winds  eroded  the  thermocline,  and  the  mixed  layer  interoqNed  the  Iqrer  of 
dincdlagellates.  When  this  hiqipened,  the  wder  turned  red  as  chlorophyll  concentrations  increased  from  roughly  10  -  %  mg 
m*3  to  about  100  mg  m-^  due  to  the  entrained  dinoflagellates.  As  wind-mixing  continued  to  erode  the  thermoclhie,  physical. 
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optical  and  biological  properties  became  unifimn  in  the  surface  layer  (Fig.  7B),  and  volumetric  concmitrations  of 
I^ytqdankion  declined  as  deeper  waters  diluted  the  mixed  layer  pqnilation.  Spectra  of  Lux  /Ed49o  illustrate  the  strong 
differences  between  great  and  water  during  initial  entrainment  (Rg.  SB).  The  red  water  was  redder,  of  course,  but  it  was 
also  darker  and  had  a  much  larger  fluorescence  signal  at  683  nm.  Similar  spectral  variations  were  rqxxted  by  Carder  and 
Steward^,  but  for  their  study  area,  brightness  was  greatly  affected  by  variable  deliital  contributioos. 
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Fig.  7.  Changes  in  the  vertical  distribution  of  the  dinoflagellate  bloom  in  Bedford  Basin  during  August,  1993. 
Profiles  of  temperature  (solid  line)  and  beam  attenuation,  corrected  for  water  (c  •  Cw,  m-i;  dashed  line).  A. 
Distribution  typical  of  the  morning  and  early  afternoon,  wid)  the  dinr^gellates  predcnninantly  confined  to  a 
subsurface  layer  Aug.  18, 1350  h.  B.  Effects  of  wind-mixing:  Aug.  18, 1720  h.  The  subsurface  population  and 
deqter  water  has  been  entrained  into  the  mixed  layer  and  the  thermocUne  has  been  ooded. 
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Fig.  8.  Detection  of  the  dinoflagellate  bloom  with  passive  optical  measurements,  Aug.  18,  1993.  A.  Diffuse 
attenuation  of  downwelling  irradiance  at  490  nm  at  1320  h  (subsurface  peak)  and  1710  h  (after  wind  mixmg).  B. 
Spectra  of  R(X)tsrb  during  a  period  of  patchy  entrainment  of  the  dimrflagellates  into  the  mixed  layer  (see  Hg.  S): 
the  red  water  spectrum  is  the  average  for  1345  •  1350  h,  and  the  green  water  spectrum  is  for  1354  -  1359  h.  Error 
bars  are  standard  deviations. 
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5.  DIEL  OFTICAL  VARIABILITY 

Analysis  of  data  from  the  (^n  ocean  demonstrate  substantial  diel  variation  in  the  optkral  properties  of  planktonic 
assemblages' and  recent  lalmtray  studies  have  quantified  changes  in  cellular  scatter  and  absoiption  properties  that 
contribute  to  these  patterns'^*  '3.  Optical  properties  of  the  water  are  also  influenced  by  die  accumulation  growing  cdls 
during  the  day,  and  consumption  by  grazers  at  night' '.  Because  coastal  waters  are  often  rich  in  nutrients  that  can  siqipoit 
r^id  growth  of  phytoplankton,  we  expected  to  observe  dynamic  microbial  peculations  with  substantial  diel  changes  in 
(Ctical  precerties,  ^tectable  in  reflectance,  diffuse  attenuation  and  beam  attenuation.  However,  during  our  1993  study, 
horizontal  variability  and  vertical  shifts  of  the  dinoflagellate  peculation  strongly  interfered  with  enir  quest,  and  eUel  patterns 
were  difficult  to  eliscriminate. 

Observations  from  other  radiometer  buoys  reveal  an  interesting  pattern  that  merits  further  exanunation.  An  expendable 
radiometer  buoy  nroored  in  Memterey  Bay,  California  showed  a  consistent  and  statistically  significant  eliel  pattern  in  radiance 
ratios,  suggesting  a  40%  increase  of  Chi  during  the  daytime  (Fig.  9A).  In  contrast,  records  from  the  equatorial  Pacific  Ocean 
(Fig.  9B)  show  no  significant  difference  between  morning  and  evening  radiance  ratios.  Such  diel  patterns  (or  lack  thereof) 
should  be  studied  further  and  considered  in  the  design  and  analysis  of  remote-sensing  studies. 
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Fig.  9.  Daily  variation  of  Chi,  as  estimated  from  the  ratio  of  Lu443:Lus3s,  measured  by  expendable  spectral 
radiometers  and  transmitted  as  hourly  averages.  Oil  algorithm  according  to  Gordon^i.  for  each  day  were 
normalized  to  the  average  for  the  day.  Data  corresponding  to  low  solar  angles  (criterion:  Ed49o  <  20  /rW  cm-^  nm-') 
were  discarded.  The  gaps  in  data  records  correspond  to  periods  when  satellite  communication  was  unavailable.  A. 
Monterey  Bay,  California,  September,  1992.  B.  Equatorial  Pacific  Ocean,  between  1°  and  S°  S,  September  1992. 


i.  RELATIONSHIPS  BETWEEN  OFTICAL  PROTERHES 

It  is  hoped  that  measurements  of  upwelling  radiance  from  the  TSRB  can  be  useful  in  extending  the  range  of 
observations  on  which  empirical  and  theoretical  bio-optical  models  are  based.  Accordingly,  one  of  our  objectives  was  to 
relate  measurements  of  upwelling  radiance  to  profiles  of  diffuse  attenuation.  Results  from  August  1992  were  very 
encouraging  (Fig.  lOA).  Diffuse  attenuation  at  490  nm  was  strongly  correlated  with  the  ratio.  Lu443:Lu33s.  and  the 
relationship  was  almost  exactly  consistent  with  that  presented  by  Austin  and  Petzold'^,  extending  validation  of  the 
relationship  to  more  turbid  waters. 
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Some  oi  the  data  from  August  1993  were  similar  to  the  general  relationship,  but  deviatioas  cmi  be  seen,  pailicolariy  in 
the  two  observations  most  rqxesentative  of  red  tide  at  the  surface.  Since  taxonomic  groups  of  phytoplanktoo  can  dttfer 
substantially  in  sixe  and  ingmoitation,  hence  in  scattering  and  absorption  properties,  there  is  good  reason  to  eaqiect  that 
pronounced  changes  in  phytofdankton  community  structure  would  alter  the  type  of  relation  presented  in  Rg.  10.  Analysis  of 
these  deviations  is  underwi^. 


Blue:Green  Radiance  Ratio  Blue:Green  Radiance  Ratio 


Fig.  10.  Relationships  between  blue:gieen«pwelling  radiance  ratios  and  diffuse  attenuaiiontt  490  run:  coBipatiaoiis 
of  data  fiom  Bedford  Basin  (141443:141555,  collected  widi  the  TSRB,  K490  estinuued  for  the  qiper  2  m)  and  data 
presented  by  Austin  and  Petzoldi^  (filled  circles,  141443:1^1550  for  radiance  ratios  1.0),  inclur^  the  fit  to  their 
data,  plotted  on  linear  axes.  A.  Bedford  Basin,  August  1992  (open  diainonds).  B.  An  eiqNmded  view,  widi  the  same 
symbrds  as  A,  plus  data  fiom  Bedford  Basin,  August  1993  (closed  diamonds).  The  two  points  raclosed  by  a  box 
represent  red  water  at  the  surface. 


7.  DISCUSSION  AND  CONCLUSIONS 

A  ptincqial  objective  of  this  research  was  to  evaluate  a  radiometer  buoy  as  a  tool  for  observing  biologically  induced 
critical  variability  in  surface  waters.  It  was  recognized  that  radiometric  accuracy  is  not  enough  to  ensure  useful 
measurements;  the  instrument  floats  on  the  surface  and  records  radiance  and  inradiance  during  chaotic  movements  in  a  highly 
variable  photic  environment  As  expected,  we  found  considerable ‘'noise”  assodaled  with  these  movements,  »d  as  hoped,  we 
found  that  suitaUe  averaging  yielded  interpretaUe  results.  Further,  the  short-term  deviatkms  produced  by  movements  of  the 
buoy  could  be  interpreted.  The  strong  influence  of  tilting  on  estimated  reflectmce  (mferred  fiom  Figs.  2B  and  3A)  indicaies 
that  any  consistent  effects  on  orientation  (fiom  tidal  currents,  for  example)  should  be  considefed  when  designmg  long 
deployments  and  when  interpreting  records  fiom  those  deployments.  ExpradaUe  radiometers^^,  similar  u>  die  tethered 
version  used  here,  must  transmit  averaged  data.  It  qipears  that  thb  is  a  fortunate  constrainL 

The  determination  of  qiectral  radiance  reflectance  is  inqxvtartt  for  describing  optical  variability  in  surface  waters,  and 
it  is  direcdy  relevant  to  remote  sensing.  The  TSRB  measures  Ed  in  only  one  narrow  waveband,  however,  and  npwdUng 
radiance  spectra  wiU  reflect  (literally)  variations  in  the  qxctral  quality  of  sidar  itradittioe  as  well  as  wiability  in  the  optical 
properties  of  the  wat».  We  suggest  that  models  can  be  used  to  correct  for  predkhdile  aqiects  of  solar  spectral  variation,  but 
under  patchy  clouds  (Rg.  4),  qiectral  shifts  might  cause  proUems. 

Data  fiom  Bedfiwd  Basin  demonstrated  clearly  that  optical  varialnlity  in  the  water  could  be  observed  despite 
interference  fiom  extraneous  factors.  The  agreement  of  our  measurements  of  radiance  nuios  and  diffuse  attenuadon  witt  die 
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compilation  of  Austin  and  Petzold^^  is  encouraging  (Ftg.  lOA),  as  is  the  deviation  associated  widi  laige  /tiunflagriiatM 
lOB).  It  seems  that  the  sensing  systems  used  during  dus  study  provide  data  that  are  comparable  to  historical  obaervalions. 
The  relationship  between  radiance  ratios  and  Chi  is  unusual,  though,  with  most  of  tte  urefiil  infonnatkm  in  the  red 
wavd>ands  (Fig.  6).  This  might  be  a  special  case,  because  red-water  dimrflageUates  caused  much  of  the  variability.  It  is 
nonetheless  noteworthy  that  a  signal  from  Chi  fluorescence  (Lu683Aji670)  was  a  good  measure  of  pigment 

We  have  presented  here  some  striking  examples  biologically  induced  optical  variability  that  would  overwhelm 
subtler  changes  associated  with  particle  dynamics  in  coastal  waters  that  were  urudfected  by  an  alg^  Uoom.  Examides  from 
expendaUe  radiometer  buoys  (Fig.  9)  indicate  that  other  types  of  variation  indeed  exist  The  presence  of  a  strong  diurnal 
increase  in  apparent  pigment  in  coastal  water,  and  no  diurnal  increase  in  the  open  ocean,  is  provocative  nd  worthy  of 
investigation. 

Other  instrument  systems  am  observe  biological  dynamics  more  sensitively,  or  optical  properties  more  accurately  and 
thoroughly.  We  are  interested  in  a  radiometer  buoy  and  a  K-meter  because  they  are  suited  for  long-term  defdoyments,  either 
in  moorings  or  as  drifters  (the  K-meter  would  be  replaced  by  a  string  of  Ed  sensors).  As  passive  sensors  nteaswing 
radiometric  quantities,  they  are  readily  calibrated  and  are  suitable  for  long-term  studies  of  tqrtical  varidulity,  and 
measurements  in  support  of  remote  sensing.  Similar  sensa  systems  might  be  used  for  autonomous,  king-tetm  environmental 
monitoring  and  impact  assessment  The  detection  of  a  red  ti^,  both  below  the  surface  and  in  the  mixed  layer,  demonstrates 
that  radiometer/K-meter  systems  could  be  usrful  in  early  warning  systems,  for  example  at  aquaculture  sites.  It  seems  clear 
that  relatively  simple  opti^  instruments  can  be  used  to  observe  biologically  induced  optical  variability  in  surface  witters. 
However,  it  remains  to  be  shown  how  sensitive  and  accurate  the  biological  interpretations  of  optical  variaMlity  can  be. 
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ABSTRACT 

In  a  recent  sea  test,  measurements  of  the  volume  scattering  function  (VS^  of  clear  sea  virater  in  situ  at 
several  angles  were  made.  These  measurements  used  the  APL  backscattering  sensor,  which  measures  the 
VSF  at  170**;  the  SRI  Beta  Pi  sensor,  which  measures  the  VSF  from  179**  to  180**;  and  the  SRI 
backscattering  senso).’,  which  measures  the  VSF  at  a  mean  scattering  angle  of  150**.  The  intention  of  the 
testing  was  to  quantify  the  enhanced  backscattering  feature  at  180**  relative  to  the  scattering  at  more 
traditionally  measured  angles  of  the  VSF.  Measurements  were  made  in  both  clear  ocean  water  and 
Hawaiian  coastal  waters. 

Analysis  of  the  data  has  been  combined  with  subsequent  labOTatcay  instrument  intercomparisons  to 
demonstrate  that  in  clear  ocean  water  there  is  relatively  Uttle  enhanced  backscattering,  whereas  in  more 
turbid  coastal  wato*  the  feature  is  pronounced  and  is  clearly  higher  than  the  VSF  at  170**.  Field  data, 
including  vertical  profiles  of  optical  backscatter  in  clear  and  coastal  waters,  are  shown. 

1.  INTRODUCTION 

During  March  1993,  a  team  of  scientists  from  The  Jcrfms  Ht^ldns  University  Applied  Physics  Laboratory 
(JHU/APL),  SRI  International,  and  the  University  of  Miami  conducted  environmenuU  measurements 
aboard  the  Recovery  I  located  in  the  open  ocean  nmthwest  of  Kauai  and  in  an  area  close  to  Port  AUen, 
Kauai  (Figure  1).  The  ship  measurement  objective  was  to  characterize  the  tempmal  and  spatial  variability 
of  the  optical  conditions  throughout  the  region.  The  measured  OfMical  pr(q>^es  included  the  vtrfume 
scattering  function  (VSF)  at  150**,  170**,  and  180**,  referred  to  hoeafter  as  ^150**),  6(170**),  and  B(ic), 
respectively.  Other  important  measurements  inclu^  the  point  ^nead  function,  the  diffuse  attrauation 
coefficient  (K<i),  and  the  beam  attenuation  coefficient  (c).  The  Oceans  Xn  paper  entitied  “Analysis  of 
SeaTech  Absorption  Meter  Characteristics  and  Cmnparisons  to  Kd  Measurements,”  by  JJl.  Smart, 
discusses  some  of  these  measurements  further. 

The  main  objective  of  this  paper  is  to  examine  the  differences  between  the  various  backscattering  sensors  to 
determine  whether  or  not  there  is  an  enhancement  in  the  VSF  at  angles  near  k  radians.  Numerous 
investigators  have  reported  enhancement  of  up  to  a  factor  of  2  in  laborattny  studies,*  and  previous  at-sea 
experiments  have  suggested  that  remote  sensing  data  could  be  reconciled  with  sea-truth  profiles  if  an 
enhancement  of  about  a  factmr  of  2  existed  between  B(17(F)  and  B(ic).  Various  investigators^'^  have  shown 
that  the  VSF  of  sea  water  has  a  gradual  increase  fnxn  120*  to  170**,  but  Mie  scattering  computaticMis^  and 
laboratory  measurements*  have  predicted  a  narrow  peak  centered  at  180**.  With  tire  exception  of 
measurements  by  SRFs  6(x)  system,  all  in  situ  measurenrents  of  B(ic)  have  actually  been  nude  at  angles 
closer  to  170**,  and  extrapolated  to  180**.  This  experiment  afforded  the  oppcntunity  to  detennine  ti^rether 
this  enhancement  very  close  to  180**  is  significant  in  natural  waters  through  in  situ,  nearly  simultaneous 
measurements  at  150**,  170**,  and  180**  (Ji). 
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Fig.  1.  March  1993  general  test  location. 


2.  INSTRUMENT  SUMMARY 

The  AFL  measurements  included  d^  spatial  transects  of  the  area,  made  by  using  a  towed  paravane  system 
housing  a  CTD,  fluorometer,  B(17(r)  soisor^*  and  beam  transmissometer.  A^  measurements  at  fixed 
stations  ccmsist^  of  C^tical  Profiler  System  (OPS)  casts.  The  OPS  contains  the  same  sensors  as  the 
paravane,  togetiier  with  inradiance  sensors  (Biospheru^  MER)  and  a  488  nm  absaptitm  meter  (SeaTedi). 

SRI  fielded  several  instruments  from  fixed  stations,  including  the  B(n)  sensor  and  B(1S0°)  sensors  at 
sev^  wavelengths.  The  6(jc)  sensor  uses  a  collimated  laser  and  CCD  camera  in  a  monostatic  viewing 
geometry  to  measure  and  resolve  the  VSF  at  angles  between  180°  and  178°^  at  wavelengths  betweoi  456 
and  532  nm.  The  B(n)  values  shown  in  this  paper  are  the  average  between  179*  and  180*.  Most  of  die 
testing  was  performed  at  488  nm.  The  B(15(r)  sensors'  use  either  blue  (470  nm  ±  35  nm)  tv  green 
(565  nm  ±  15  nm)  LEDs  for  illuminatitm.  SRI  also  deployed  a  spectral  transmissometer  and  absorption 
meter  operating  at  456, 488,  and  532  nm  (WETLabs  AC3). 

The  OPS,  B(ic),  and  B(150°)  sensors  were  deployed  in  casts  while  on  station  at  positions  marked  on 
Figim  1.  The  OPS  and  B(150°)  sensors  provided  continuous  output  profiles,  whereas  the  B(x)  sensOT 
provided  output  at  discrete  depths  (usually  qiaoed  1^  5  to  10  m). 
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3.  “OPEN  OCEAN”  COMPARISON  OF  BACKSCATTER  INSTRUMENTS 


The  best  averaged  488  nm  B(17CP)  and  B(7C)  profiles  for  clear  ocean  water  are  shown  in  Figures  2  and  3. 
respectively.  TTie  B(ji)  values  range  from  5.7  to  6.6  x  1(H  /SR/m  in  the  upper  65  m.  The  APL  B(170®) 
values  range  from  6.3  to  6.9  x  10 /SR/m  over  the  same  depth  interval.  These  values  agree  to  witldn  the 
10%  measurement  accuracy  of  both  instruments. 

APL  deployed  two  different  0(170**)  sensors,  labeled  as  Unit  7  and  Unit  9.  Unit  9,  which  was  used 
throughout  most  of  the  testing,  was  found  to  have  a  pressure  hysteresis  effect  that  affected  data  above  50 
m,  ai^  the  gain  calibration  was  found  to  be  1.5  times  too  low  in  postcalibration.  The  data  shown  in  Figure 
2  have  the  corrected  gain  factor,  these  profiles  exclude  data  above  50  m.  Unit  7  and  the  corrected  Unit  9 
both  agreed  well  with  SRI  B(15()°)  sensors  during  the  postcalibration. 

The  main  feature  of  both  sets  of  backscattering  data  is  that  there  are  essentially  no  gradients  in  the  upper 
120  m.  Below  that  depth,  the  data  in  Figure  2  ^ow  a  significant  decrease,  consistent  widi  the  beam 
attenuation  proflles  in  Figure  4  and  the  other  optical  and  physical  parameters  measured  throughout  the 
experiment.  During  this  experiment,  the  open  ocean  stratification  was  characterized  by  a  well-mixed 
surface  layer  and  a  thermocline  typically  deeper  than  100  m. 

4.  PORT  ALLEN  AREA  MEASUREMENTS 

In  addition  to  the  data  gathered  in  the  very  clear  open  ocean  waters,  we  collected  a  limited  data  set  close  to 
the  southwest  shore  of  Kauai  near  Port  Allen  (shown  tm  Figure  1).  The  objective  was  to  determine 
whether  enhanced  backscattering  occurs  at  180  compared  to  that  at  angles  <  175**  in  coastal  waters.  This 
objective  was  motivated  by  the  facts  presented  in  the  Introduction.  By  making  profiles  of  both  devices 
through  a  sub-surface  scattering  layer,  one  should  be  able  to  detect  the  presence  of  any  enhancement  In 
the  open  ocean  waters,  where  there  was  no  sub-surface  scattering  layer,  no  enhancement  was  measured. 

To  find  a  good  candidate  location  for  this  experiment  the  paravane  (which  contains  a  B(170**)  sensor  and  a 
beam  transmissometer)  was  tow-yo’ed  near  Kauai  until  a  region  was  found  having  a  sharp  sub-surface 
maximum  in  the  optical  properties.  The  results  of  the  subs^uent  proflles  on  day  14  wi^  the  various 
backscatter  sensors  are  shown  in  Figure  5.  The  upper  50  meters  of  these  profiles  show  a  VSF  of  about 
6.5x10'^ /SR/m'l  with  a  sharply  defined  scattering  layer  peaking  between  35  and  40  meters.  The  main 
result  is  that  the  additional  scattering  in  the  subsurface  nuiximum  appears  to  be  nearly  twice  as  high  using 
the  ^7c)  sensor  as  it  does  using  either  the  B(170**)  or  B(150**)  sensor.  The  value  outside  of  the  scattering 
medium,  however,  does  not  exhibit  any  enhancement,  suggesting  that  there  is  an  intrinsic  difference  in  die 
scatterers  in  the  peak  and  those  outside  it.  Similar  results  were  found  on  the  night  of  day  13  in  a  spot  near 
Port  Allen.  Day  13  results  were  not  as  pronounced,  because  the  sub-surface  maximum  was  at  the 
maximum  depth  that  the  Bn  sensOT  could  reach  with  the  cable  used. 
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Hg.  2.  Best  daily  nin  AFL  p(170°)  profiles.  Unit  9  data  clipped  to  avoid  pressure-effect  region 
and  conected  based  on  post-test  calibrations. 
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Fig.  3.  Open-ocean  measurements. 
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Fig.  4.  Summary  of  best  estimates  of  daily  c  profiles  in  the  open-ocean  test  area. 
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Fig.  5.  Enhanced  ^ic  backscatter  peak  in  coastal  water. 
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5.  DISCUSSION  AND  CONCLUSIONS 


Figures  2  and  3,  which  show  the  clear  water  data  for  6(170®)  and  6(jt),  respectively,  indicate  that  there  is 
no  enhanced  B(ji)  feature  in  very  clear  water.  This  water  showed  very  little  scatterer  concentration.  Further 
tests  in  water  with  a  scattering  layer,  shown  in  Figure  5,  do  support  the  po'^sibiUty  of  enhancement  within 
the  scattering  layer  by  as  much  as  a  factor  of  2  between  6(170®)  and  6(jc). 

The  data,  while  strongly  suggesting  the  existence  of  an  enhanced  peak,  are  not  entirely  conclusive, 
primarily  because  the  two  profiles  could  not  be  measured  simultaneously.  (The  sensors  used  the  same 
cable,  and  therefore  had  to  be  operated  sequentially.)  Thus,  it  is  possible  (tho.  jh  unlikely)  that  the 
apparent  enhancement  arises  from  temporal  variability,  with  the  scattering  properties  actually  increasing 
when  the  6(ji)  sensor  was  lowered  each  night.  The  change  in  the  depth  of  the  sub-smface  maximum  from 
about  37  m  in  the  9:45  p.m.  profile  to  about  30  m  in  the  10:30  p.m.  profile  shows  that  temporal  variations, 
due  to  current,  boat  drift,  or  some  other  cause,  occurred.  To  prove  definitively  that  enhancement  occurs, 
simultaneous  profiles  (or  at  least  many  contiguous  profiles)  would  need  to  be  collected. 

The  other  requirement  necessary  to  prove  or  disprove  the  existence  of  enhancement  is  the  need  for  careful 
instrument  intercalibration.  APL  and  SRI  conducted  two  days  of  intensive  postcalibrations  and  cross 
comparisons  using  identical  scattering  targets  and  water  conditions  to  produce  the  degree  of  agreement 
shown  in  Figure  5.  For  example.  Figure  6  shows  the  results  of  one  such  comparison  wherein  increasing 
concentrations  of  scatterers  were  added  to  a  tank  of  water  to  test  the  linearity  and  degree  of  agreement  of  the 
various  sensors.  APL’s  Unit  9  consistently  measured  a  factor  of  1.5  times  too  low  in  all  tests,  but  when 
adjusted  by  this  factor,  produced  values  almost  identical  to  those  of  the  Unit  7  sensor.  The  solid  line  in 
Figure  6  indicates  the  APL  values  that  would  result  in  perfect  agreement  with  the  SRI  values.  The 
agreement  is  excellent  for  backscattering  values  <  27  x  lO'^/SR/m,  which  is  much  higher  than  any  seen 
during  the  course  of  the  Kauai  sea  testing. 
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Fig.  6.  Laboratory  comparison  between  APL  and  SRI  backscatter  sensors. 
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ABSTRACT 

The  phytoplankton  absorption  coefficient  is  primarily  due  to  absorption  by  photosynthetic  and 
photoprotective  pigments.  Absorption  by  photosynAetic  pigments  can  be  separated  from  that  by  other 
pigments  by  the  former's  ability  to  induce  chlorophyll  a  (chi  a)  fluorescence.  Chi  a  fluoresces  at 
wavelengths  between  660  and  760  nm  with  a  distinct  peak  at  683  nm  and  a  broad  shoulder  near  730  nm. 
The  use  of  Basic  Blue  3  as  a  quantum  counter  in  spectrofluorimetry  allows  measurement  of  chi  a 
fluorescence  at  730  nm  and  hence,  determination  of  phytoplankton  fluorescence  excitation  spectra  between 
380  and  7(X)  nm.  Extension  of  measurements  beyond  6(X)  nm,  the  limit  of  the  conventional  quantum 
counter  rhodamine  B,  allows  direct  comparison  of  the  total  absorption  specmim  and  the  fluorescence 
excitation  spectrum  between  380  and  100  nm.  Errors  in  the  measurement  of  both  types  of  spectra  must  be 
identified  and  minimized  for  reliable  interpretation  of  either  spectrum.  Factors  of  primary  importance 
include  instrument-specific  correction  spectra  for  spectrofluorimeter  configurations,  accuracy  in  the 
absorption  rneasurement,  and  sample  handling.  Accurate  separation  of  spectral  phytoplankton  absorption 
coefficients  into  photoprotective  and  photosynthetic  components  will  reduce  the  variability  and  errws  in 
estimates  of  primary  {noduction  based  on  optical  models  and  will  provide  information  on  the 
photoadaptive  state  of  the  cells. 


2.  INTRODUCTION 

The  phytoplankton  absorption  coefficient  is  an  inherent  optical  property,  and  its  spectral  shape  and 
magnitude  affects  the  diffuse  attenuation  coefficient,  reflectance,  and  bio-optic^y  model^  estimates  of 
primary  productivity.  Particle-specific,!  chemical,^  and  statistical^-^  methods  that  separate  total 
phytoplankton  absorption  from  particle  absorption  have  been  developed.  Two  classes  of  pigments  are 
responsible  for  phytoplankton  absorption:  photosynthetic  and  photoprotective  pigments.  The 
phytoplankttm  ^sorption  coefficient  measured  spectrophotometrically  is  suitable  for  models  of  light 
attenuation  but  overestimates  absorption  when  used  in  productivity  models,  particularly  in  surface  waters. 
The  fluorescence  excitation  spectrum  has  been  proposed  as  an  alternative  to  improve  estimates  of 
photosynthetic  phytoplankton  absorption  for  modeling  primary  production.^ 

To  generate  a  fluorescence  excitation  spectrum,  a  whole  water  sample  is  illuminated  across  the 
visible  wavelengths  while  the  emission  of  chlorophyll  a  (chi  a)  at  730  nm  is  monitored.  This  wavelength 
is  a  secondary  emission  peak  for  Photosystem  II  (PSII)  chi  a.  The  excitation  spectrum  represents  the 
pigments  involved  in  the  transfer  of  energy  from  light-harvesting  photosynthetic  pigments  to  PSII  chi  a 
reaction  centers.^  Absorption  near  675  nm  is  dominated  by  chi  a  with  minimal  contributions  by 
photoprotective  or  residual  detritus  pigments.  The  fluorescence  excitation  spectrum  is  normalized  to  the 
absorption  at  675  nm  allowing  quantitication  of  pigment  absorption  associated  with  PSII  and,  therefore, 
with  photosynthesis.^-  ® 

(Quantification  of  a  fluorescence  excitation  spectrum  depends  on  the  use  of  a  quantum  counter  to 
monitor  variations  in  the  intensity  of  the  excitation  irradiance  during  the  course  of  a  measurement. 
Previously,  rhodamine  B  was  usi^,  and  the  excitation  wavelengths  were  limited  to  those  less  than  6(X)  nm 
because  absorption  by  rhodamine  B  is  minimal  beyond  this  wavelength.  The  quantum  counter  2,7- 
Bis(diethylamino)pheno-azoxonium  chloride  (Basic  Blue  3)  is  effective  for  excitation  wavelengths  ranging 
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firom  the  ultraviolet  (240  nm)  to  7(X)  nm,  thereby  allowing  both  the  blue  and  red  peaks  of  chi  a  to  be 
measured.^  Measurement  of  the  r»l  peak  of  chi  a  makes  it  possible  to  scale  the  fluorescence  excitation 
spectrum  to  the  absorption  spectrum  and  to  quantify  fluorescence,  typically  repented  in  relative  units,  in 
units  of  the  absorption  coefficient  [m~^]. 

However,  scaling  the  excitation  spectrum  to  the  absorption  spectrum  is  not  always  successful. 
Often  when  phytoplanktcm  cultures  are  adapted  to  low  light,  values  for  some  regions  of  the  excitation 
spectrum  exce^  Aose  for  absorption.'^'  *  *  To  minimize  this  discrepancy,  fluorescence  excitation 
spectra  must  be  properly  corrected  for  variations  in  instrument  optics,  and  the  absoiption  measurement 
must  be  accurate.  In  each  case,  any  short-term  adaptation  or  physiological  change  in  the  state  of  the  cells 
that  may  affect  either  fluorescence  or  absorption  will  affect  the  comparison  and  ^e  quantifleatiem.  The 
purpose  of  this  paper  is  to  analyze  procedures  for  fluorescence  excitation  and  absorptirai  measurements. 
Fluorescence  excitation  correction  procedures  were  modified  for  Basic  Blue  3  to  allow  measurement 
throughout  the  visible  spectrum,  a  requirement  for  quantification  of  fluorescence  in  phytoplankton. 
Abs(»ption  of  phytoplankton  cultures  measured  in  suspension  produce  spectra  which  differ  in  shape  and 
magnitude  from  ^ose  measured  using  the  quantitative  filter  technique.  The  resulting  fluorescence 
excitation  and  absorption  spectra  are  compared  for  a  phytoplankton  culture  grown  at  several  light  levels  to 
separate  photosynthetic  from  photoprotective  pigments. 

3.  METHODS 


3.1  Instrument  optics 

Correction  procedures  are  necessary  to  minimize  distortions  in  fluorescence  spectra  induced  by 
instrument  configuration.  A  significant  amount  of  distortion  can  be  removed  from  a  spectrum  by 
compensating  for  wavelength-specific  variations  in  excitation  irradiance.^^  The  Spex  Fluorolog  2 
spectrofluorimeter  monitors  variations  in  the  xenon  lamp  (450W)  by  using  a  beam  splitter  to  focus  a 
portion  (f2)  of  the  excitation  irradiance  onto  a  quantum  counter  (QC)  which  has  a  photon  yield  and 
emission  spectrum  that  is  independent  of  excitation  wavelength.  The  fluorescence  of  the  quantum  counter 
is  measured  by  a  reference  photomultiplier  tube  (PMT)  positioned  behind  the  QC  cuvette.  Simultaneously, 
the  sample  is  excited,  and  its  fluorescence,  collected  at  from  the  excitation  path  and  passed  through  two 
emission  monochromators,  is  measured  by  a  separate  sample  PMT.  Fluorescence  resulting  from 
excitation  at  a  wavelength  (A,),  measured  bya  PMT,  is  a  function  of  the  excitation  irradiance  (E),  the 
absorption  coefficient  (a),  the  fluorescence  efficiency  (<l>f)  and  the  effect  of  the  PMT  geometry  (G)  on 
detection.  Fluctuations  in  lamp  intensity  are  minimized  by  normalizing  sample  fluorescence  to  QC 
fluorescence.  The  fluorescence  signal  of  a  phytoplankton  (phy)  sample  is  recorded  as  the  ratio  ^r)  of  the 
signal  measured  by  the  sample  PMT,  divid^  by  Aat  of  the  reference  PMT: 

P  _  Pphy^^)  _  n~Q(^)]  E(A,)  apiiyfA.)  0f-phy  Qsain-phy(^) 

'  ’  ~  F^fiX)  ■  fl(A.)E(A.)aQc(X)<|)f_QcG„f_Qc(A.) 

In  addition  to  measurement  in  the  ratio  nxxle,  an  instrument-specific  correction  spectrum  also  is 
required  to  account  fra-  the  differences  in  detection  between  the  reference  and  sample  PMT  to  completely 
remove  the  effects  of  instrument  distortion  from  a  spectrum.  Primary  factors  include  the  wavelength- 
dependent  efficiency  of  the  beam  splitter  (£2)  and  the  viewing  geometry  of  the  reference  and  sample  PMTs. 
Two  methods,  the  quantum  counter  and  the  thermopile  method,  have  been  used  to  generate  a  crarection 
spectrum. 

The  quantum  counter  method^^  entails  placing  the  concentrated  solution  of  Q^,  Basic  Blue  3 
(4. 1  g  1*1  in  ethylene  glycol)^,  in  both  the  reference  and  sample  positions  and  comparing  the  ouq)ut  of  each 
PMT  to  generate  a  correction  spectrum  [C3qc(A,)I: 
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Cqc(^) 


Fgam(^)  _  [1  -Q(X.)]  E(X)  aQc(X)  <>f-Qc  Gsam-QC(^) 
F„f(A.)  fl(X)E(X,)aQc(^)<t>f-QC  Gref-Qc(^) 

Qsam-  QC(^) 

Q(X)  Gref-Qc(^) 


(2). 


The  correction  spectnun  is  qrplied  by  multiplying  the  fluorescence  of  a  cell  su^nsicm  measured  in  ratio 
mode  [F,<X,);  eq.  1]  by  the  inverse  of  the  correction  spectrum  [Cqc(X,);  eq.  2] 

F  (X)  =  ^r(^)  _  ^phy(^)  1 

Cqc(^)  F„f(X)  Cqc(X) 

_  ~  Q(^)]  F(X)  apiiy(X)  <|>f-phy  Gsani-phy(^)  f2(X)  Gjef_Qc(X) 

G(X)  E(X)  age  (^)  <t>f-QC  Gref _Qc  (^)  11  ~  G(X)]  Gjam-QC  (^) 


^phy(^)  0f-phy  G  sam-  phy(^) 
aQC(^)  <l>f-QC  Gsam-  QC(^) 


This  method  produces  a  corrected  fluorescence  spectrum  fm-  the  phytoplankton  sample  [Fcofr(^)],  that  is  a 
function  of  the  absorption  and  fluorescence  efficiency  of  the  QC  and  the  viewing  geometry.  the 

magnitude  of  the  terms  in  the  denominator  of  eq.  3  do  not  vary  signiflcantly  wiA  wavelength,  this 
correction  method  is  adequate. 

The  (X  method  for  excitation  correction  has  been  used  successfully  with  riiodamine  B  as  the 
QC  6, 12, 13, 14, 15, 16  However,  this  method  is  not  effective  in  this  instrument  configuration  using  Basic 
Blue  3  because  the  specifle  absorption  coefficients  of  Basic  Blue  3  vary  across  the  visiUe  spectrum  nxxe 
than  those  of  rhodamine  B.  When  Basic  Blue  3  is  used,  die  excitation  irradiance  praetrates  to  a  variable 
extent  within  the  cuvette  as  an  inverse  function  of  the  spectral  absorption  coefficient  (Fig.  la,b).  The 
absorption  minima  penetrate  further  into  the  cuvette;  the  flutxescence  is  emitted  from  the  center  of  the 
cuvette  and,  in  the  sample  position,  passes  at  a  right-angle  through  the  center  of  the  detection  window. 

The  result  is  high  fluorescence  at  excitation  wavelengths  where  absorption  is  minimal  (Fig.  lb).  At  longer 
wavelengths  (520  -  700  nm)  the  absorption  coefficients  are  high,  and  excitation  irradiance  does  not 
penetrate  far  into  the  cuvette.  At  these  wavelengths  maximal  fluorescence  is  not  aligned  with  the  detection 
window,  and  the  fluorescence  measured  is  low  but  relatively  constant  (Fig.  la).  Reabsorption  of  photons 
emitted  by  the  QC  also  may  contribute  to  maintain  a  constant  fluorescence  ouqrul  at  longer  wavelengtiis. 
The  variation  in  the  location  of  maximal  emission  intensity,  and  the  resulting  measurement  of  fluorescence 
intensity  bv  the  sample  PMT,  is  expressed  in  the  wavelength-dependent  sample  PMT  geometry  term 
[Gsam-t^A.)].  When  dilute  samples  are  measured,  the  variation  associated  with  right-angle  geometry 
[Gsain-phv(A.)]  is  small  in  contrast  to  the  large  variation  associated  with  high  concentrations  of  the  QC  Basic 
Blue  3.^ '  The  QC  method  with  Basic  Blue  3  requires  generation  of  an  at^tional  correctimi  spectmm  for 
Gsani-QC(X.)  to  ccHnpensate  for  the  low  absorption  by  Basic  Blue  3  in  the  blue  region,  which  is  a  particular 
concern  for  phytoplankton  measurements. 
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Fig.  1.  Absorption  of  a  dilute  solution  (solid)  and  fluorescence  [Cqc(X);  eq.  2;  dashed]  spectra  for  Basic 
Blue  3.  The  spectrum  for  380  -  700  nm  (a)  shows  amstant  fluorescence  emission  for  longer  wavelengths. 
Absoiption  minima  in  the  blue  wavelengAs  (b)  cmrespond  to  increased  fluorescence  emission.  Spectra 
are  ncxmalized  to  the  maximum  value  iac  the  qtecified  wavdength  range. 


A  variaticHi  of  the  thermopile  method^  was  used  to  generate  a  spectrum  that  adequately  corrects  for 
instrument  optics  using  Basic  Blue  3  with  no  additional  correction  procures.  A  remote  cosine  detector 
for  a  LiCor  scanning  radiometer  (ISOO-UW)  was  placed  in  the  sample  cuvette  holder  and  incoming 
irradiaiKte  of  several  intensities  was  nneasur^  from  380  to  7(X)  nm  in  1-5  nm  increments.  Excitation 
irradiance  intensity  was  varied  by  changing  die  size  of  the  excitation  tiKMiochrcMiiator  slitwidth  (1  to 
IS  nm).  The  radiometer  half-maximum  bt^width  is  8  nm;  therefore,  irradiance  measured  at  any  one 
wavelength/bandwidth  combination  was  integrated  to  generate  a  single  value  [(l'Q(X))  E^)].  Reference 
PMT  voltages  with  the  QC  in  the  reference  cell  were  nxmitored  simultaneoudy  with  tte  radiometer 
measurements.  A  correctitm  factor  (Ct)  was  determined  at  each  wavelength  fom  a  regression  of  tefnence 
PMT  voltages  [FreK^)]  against  the  integrated  irradiance  measured  at  the  sample  cuvette  holder 
[(1-Q(X.))  E(X.)].  The  resulting  slopes  from  the  regression  analysis  were  us^  to  generate  an  excitation 
correction  spectrum  as  a  function  of  excitation  wavelength  [Cj^)]: 


Ct(X) 


F»«f(X) 

(l-£i(X)]E(X) 


Q(X)  E(X)  aQc(X)  ^f-Qc  Gref-QC(X) 
[1-Q(X)]E(X) 


Q(X)  aQc(X)  <|>f_Qc  G,gf_Qc(X) 

[l-fi(X)] 


(4). 


When  the  thermopile  correction  spectrum  (Ct(X);  eq.  4)  is  applied  to  a  phytoplankttm  fluotescence 
measurement  in  ratio  nuxle  (Fr(X);  eq.  1), 
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^coir(^) 


=  f,(X)Ct(>.)  =  Ct{X) 

_  [1  — Q(X)]  ^phy(^)  4>f-phy  ^sam-phyC^)  Q(^)  aQc(^)  <l>f-QC  ^ref-QC^^) 

aQc(^)  <(>f-QC  Gref-QC^^)  “  G(X)] 

~  aphy(X,)  <|>f-phy  Gsam-  phy(^) 


the  resulting  ctnrected  ^)ectruin  is  a  function  of  the  absoq^tion  coefficient  and  fluorescence  efficioicy  of 
the  phytt>plankton  sample  and  the  viewing  geometry  of  die  sample  PMT.  If  the  abstxptitHi  of  the 
suspension  is  less  than  2  m-1,  then  the  error  due  to  viewing  geometry  [Gsam-phyfX)]  is  less  than  1%  and 
additional  correction  is  not  necessary.^'^ 

The  accuracy  of  the  thermc^ile  crarection  method  [Ct(X.)]  was  verified  conqiaring  the 
absorpticm  and  fluorescence  excitaticm  spectra  for  90%  acetone  extracts  of  chi  a  and  b  (Sigma)  and  their 
acidified  compounds.  These  standards  have  absorption  spectra  similar  to  whole  phytoplankton  cells  yet 
lack  the  scattering  properties  and  the  complications  of  internal  energy  transfer  encountered  with  whole 
cells;  consequentiy,  the  absraption  and  fluorescence  excitation  spectra  of  the  pure  solutions  should  have 
identical  shqies.  Abs(xptic»i  was  measured  in  a  1  cm  cuvette  using  a  SLM-Aminco  dual  beam 
spectrophommeter  with  90%  acetraie  as  a  reference.  The  fluorescence  excitaticm  spectra  of  optically  dilute 
samples  of  extracted  chi  a  and  b  were  measured  in  ratio  mode  using  emission  at  730  and  710  nm, 
respectively.  A  blank  spectrum  of  90%  acetone  was  subtracted  from  each  excitaticm  spectrum  and  the 
correcticm  spectrum  was  applied  to  the  output 

The  double  emissicm  monochromators  of  the  Spex  Ruorolog  2  eliminate  scattering  errors  from  the 
fluorescence  si^al.  To  examine  the  effect  of  highly  scattering  particles  on  the  optical  pathlength  of 
excitation  irradiance,  barium  sulfate  (BaS04)  was  added  to  the  chi  a  and  b  acetone  soluticms. 
Concentrations  of  BaS04  ranged  from  0.4  to  2  g  I'l.  Absorption  of  these  suspensicms  was  measured  in 
10  cm  cells. 

3.2  Culture  measurements 

To  compare  the  absorpticm  and  flucxescence  excitation  characteristics  of  whole  cells,  laboratory 
cultures  of  Nitzschia  closterium  (bacillariophyceae),  Isochrysis  galbana  (chrysophyceae),  and  Dunalielld 
tertiolecta  (chlorc^hyceae)  were  grown  at  several  li^t  intensities  ranging  from  S  to  700  pmoles  quanta 
m*2  S'l  at  18X.  llie  cultures  were  maintained  at  the  growth  irradiance  for  a  minimum  of  10  generations 
befcxe  experimentation.  Prior  to  measurement,  the  culture  flask  was  placed  in  the  dark  fern  30  min  and 
then  kept  cm  ice  in  the  dark  until  completion  of  all  measurements  to  prevent  cellular  adaptatiem  and  growtii. 

Absorption  was  measured  by  concentrating  the  cells  using  centrifugatiem;  tiien  measuring  the 
suspensiem  in  a  1  cm  cuvette.  To  maximize  the  accuracy  of  the  measurement  and  minimize  the  influence 
of  scattering,  the  absorption  of  the  sample  was  monitor^  reputedly  during  die  concentratiem  imocedure.1^ 
Absorption  also  was  measured  by  the  quantitative  filter  technique  using  Whatrruu)  GF/F  filters  and 
correcting  for  pad  absorption  using  two  examples  of  P  correction  methcxis.^^> 

Fluorescence  excitation  spectra  were  measured  in  ratio  mcxle  by  exciting  cptically  dilute  cell 
suspensions  in  1  cm  non-fluorescent  fused-quartz  cuvettes  from  380  •  700  nm  (5  nm  bandpass)  and 
monitoring  emission  at  730  nm  (10  nm  bandpass).  Each  sample  was  warmed  in  a  room  temperature 
waterbath  for  30-45  s  befene  measurement.  Three  fluorescence  replicates  were  measured  both  with  and 
without  3-(3,4  dichlOTOphenyl)-!,  1-dimethylurea  (DCMU).  DCMU  blocks  electron  transpent  from  PSn 
to  Riotosystem  I,  thereby  maximizing  fluorescence  from  PSII.^  A  fresh  aliquot  was  used  for  each 
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fluorescence  excitation  spectrum.  The  appn^mate  blank,  either  distilled  water  or  distilled  water  with 
DCMU,  was  subtracted  from  the  average  of  the  three  replicate  samples.  The  spectra  were  corrected  using 
the  thermopile  correction  spectrum  generated  as  describe  above  (^.  S).  The  excitation  spectra  oi 
representative  cultures  preserved  with  ethanol  and  glutaraldehyde  (fmal  crxicentrations  5%)  were  also 
con^ared  to  spectra  measured  for  fresh  and  DCMU-irtiiibited  cultures. 

4.  RESULTS 


4.1  Chlorophyll  extracts 

The  corrected  excitation  spectra  generated  using  the  thermc^ile  method  [Ct(X)]  provided  excellent 
agreement  between  the  fluorescence  excitation  and  absrmtion  spectra  for  the  90%  acetone  extracts  oi 
chlorophyll  standards  (Hg.  ^b);  the  QC  method  [Cqc(A)]  resulted  in  poor  agreement  in  the  blue  region. 
The  addition  of  white  scattering,  in  the  form  of  BaS04  particles,  to  the  absorbing  media  did  not  affect  tire 
fluoresceitce  spectrum  of  chi  a  ^ig.  3a).  Scattering  particles  (Hg.  3b)  did  affect  absorpticm  by  increasing 
the  absorption  coefficients  and  changing  the  spectrid  shape. 


Fig.  2.  Absorption  (solid)  and  flucnescence  spectra  for  acetone  extracts  of  chi  a  (a)  and  chi  b  (b).  The 
thonnnopile  method  ^  correction  results  in  a  fluorescence  spectrum  (doned)  that  mcne  closely  rqrresents 
absorption  than  the  quantum  counter  method  (dashed),  particularly  in  the  blue  region  of  the  spectrum. 


4.2  Whole  phytoplankton  cells 

The  method  for  quantifying  absorption  of  suspensions  affects  the  comparison  of  absorption  and 
fluorescence  excitation  spectra.  Differences  in  the  blue  to  red  ratio  for  absorption  qrectra  of  ]^yto- 
plankton  cultures  used  in  this  paper  varied  by  as  much  as  30%  dmnding  on  the  method  us^  (Fig.  4a-€). 
ForNitzschia  closterium,  both  the  Mitchell  aind  Kieferl^  and  the  (Cleveland  and  Wiedetnannl^  model  fw 
filter  pad  absorption  produced  spectra  with  blue  to  red  ratios  slightly  less  than  those  of  the  1  cm  cuvette 
(Fig.  4a).  Blue  to  ted  ratios  for  the  other  two  species  were  overestimated  using  the  filter  pad  metirod 
(Hg.  4b,  c).  To  increase  the  accuracy  of  the  absorption  spectral  shape  and  magnitude  for  cells  in  culture,  a 
direct  measurement  of  absorption  using  a  suspension  is  preferable  over  using  Ae  filter  technique. 
However,  for  field  applications,  suspension  measurements  rarely  are  possible. 
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Fig.  3.  Absoiption  (a)  and  fluorescence  (b)  spectra  fw  acetone  extracts  of  pure  chi  a  (solid)  ncxmalized  to 
the  red  peak.  Increasing  additions  of  BaS04  (0.4, 0.8, 2  g  1*1;  dashed,  dotted,  and  dot*da^  lines, 
respectively)  do  not  affect  the  shape  of  the  fliKxescence  q)ectra  yet  significantly  affect  the  q)ectral  slu^ 
for  absorption. 


Fig.  4.  Qnnpaiison  of  three  methods  of  measuring  abscnption  fen*  N.  ciosterium  (a),  I.  galbana  (b),  and 
D.  tertiolecta  (c)  normaliaed  at  the  red  peak.  The  quantitative  filter  technique  adjusted  ftv  Alter  pad 
absorption  and  scattering  using  the  mediod  of  Qeveland  and  Wiedemann  (dotted)  and  Mitchell  and  Kiefer 
(dash^)  result  in  a  different  specteal  shq)e  and  magnitude  than  a  suspension  oi  concentrated  cells  in  a 
1  cm  cuvette  (solid). 
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The  fluorescence  excitadm  spectram  is  similar  in  shi^re  to  the  absorption  spectrum  due  to  die 
dominance  of  chi  a  absorption  in  the  red  region.  For  wavelengths  influenced  by  accessory  pigment 
absorption,  there  is  a  difference  between  absorption  by  photosynthetic  pigments  and  total  abs^tion  (Fig. 
Sa-d),  that  is  most  obvious  in  the  spectra  of  cells  grown  at  high  light  intensity  where  photofnxitective 
pigments  are  present  For  M  closterium,  the  ratio  of  blue  tt>  red  peaks  fw  fluorescence  is  1.4  conqiared  to 
2.0  for  the  to^  absorption  of  cells  grown  at  the  highest  irradiance  (Fig.  5a).  These  ratios  for  absc^tion 
decrease  as  growth  irradiance  decrees  due  to  increasing  packaging  effects  as  cellular  pigment 
concentration  increases.^^*  The  blue  to  red  ratios  for  absc^tion  and  fluorescence  become  nK»e 
similar  at  low  growth  irradiances  as  an  increasing  prc^xirtion  of  the  absorption  coefficient  is  due  to 
photosynthetic  pigments.  The  fluorescence  and  total  absorption  ratios  are  1.3  and  1.4,  respectively,  for 
low-light-grown  cells  (Fig.  5d). 

There  is  some  discrepancy  in  the  fluraescence  and  absorption  spectra  in  the  region  from  550  to 
650  nm  if  the  spectrum  is  scaled  to  the  red  chi  a  peak.  In  this  region,  the  fluorescence  excitation  spectrum 
may  exceed  total  absorption,  yielding  a  result  with  questionable  intopretation.  Because  this  is  a  region  of 
minimum  absorption  for  phytoplankton,  the  absorption  measurement  may  be  less  accurate  compared  to 
other  regions  of  the  spectrum,  The  method  of  measuring  absorption  also  will  change  die  shape  of  the 
absorption  spectrum,  thereby  affecting  the  degree  to  which  fluorescence  exceeds  abwrption  (cf.  Fig.  5). 

During  the  course  of  the  measurement  (-45  s),  the  cells  may  undergo  physiological  changes  that 
affect  the  fluorescence  spectrum.  Comparisons  of  fluorescence  spectra  between  fresh  and  {veserved 
samples  showed  some  differences  in  shape  and  magnitude  (Fig.  6a,  b).  DCMU  additions  to  fresh  cultures 
tends  to  produce  a  spectrum  similar  to  that  of  the  fresh  cultures.  The  fluorescence  spectra  of  cultures 
preserved  with  glutaraldehyde  differed  in  spectral  shape  from  fresh  culture  samples,  as  well  as  from 
cultures  treated  with  ethanol  and  with  DCMU.  Glutar^dehyde  cross-links  proteins  to  preserve  cell 
structure,  yet  may  denature  some  proteins  in  the  process  of  cross-linking.  In  Fig.  6,  there  appears  to  be  a 
reaction  between  glutaraldehyde  arxl  the  carotenoid  pigments  such  that  the  contribution  of  carotenoid 
pigments  (480  -  540  nm)  to  chi  a  fluorescence  decreases.  Cultures  preserved  with  ethanol  produced 
spectra  with  shapes  similar  to  those  of  fresh  cultures  with  a  variable  blue  to  red  ratio  and  slightly  lower 
fluorescence  in  the  550  to  650  nm  region. 


5.  DISCUSSION 

The  use  of  ilKxlamine  B  as  a  quantum  counter  in  spectrofluorimetric  measurements  allows 
spectrally-incomplete  qualitative  comparisons  of  absorption  aixl  fluorescence  excitation  between  high  aixl 
low-light  adapted  populations.  Comparisons  between  400  and  550  nm  showed  a  distinct  difference 
in  the  spectral  shapes  of  absorption  and  fluorescence,  with  the  shape  of  the  fluorescence  spectrum 
changing  to  a  larger  degrre  in  response  to  changes  in  irradiance.  (^antificatitm  of  the  fluOTescence 
measurement  for  use  in  bio-optical  models  of  productivity  requires  using  Basic  Blue  3  as  a  quantum 
counter  to  provide  measurement  of  both  the  blue  and  red  chi  a  peaks.^ 

The  excitation  correction  spectrum  used  to  eliminate  differences  in  q)tical  paths  between  reference 
and  sample  cells  depends  on  configuration  and  must  be  derived  for  each  instrumenL  The  use  of  a  quantum 
counter  (Basic  Blue  3),  which  is  different  from  that  recommended  by  the  manufacturer  (rhodamine  B), 
required  an  alternative  method  to  generate  the  correction  spectrum  for  the  Spex  Fluorolog  2.  The  accuracy 
of  the  correction  spectrum,  as  well  as  a  record  of  instrument  perfomumce,  is  easily  clicked  by  routine 
comparison  of  the  absorption  and  excitation  spectra  of  90%  acetone  extracts  pure  chi  a  or  b  or  other 
commercially  available  standards. 

Maintenance  of  the  phyu^lankton  cultures  on  ice  in  the  dark  minimized  changes  in  the  cell 
physiology  during  the  experiment.  The  variation  in  the  absorption  measurement  was  not  large  during  the 
time  required  to  concentrate  the  suspension.  However,  changes  in  the  flucnescence  excitation  spectra  were 
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Hg.  5.  Absorption  (solid)  and  fluorescence  spectra  fw  flesh  (dashed)  and  DCMU-treated  ((k)tted) 
samples  of  N.  closterium  grown  at  light  levels  of 700  (a),  300  (b),  25  (c),  and  5  (d)  pmoles  quanta  m*2 
S'*.  The  difference  between  total  and  photosynthetic  atei^tion  decreases  as  li^t  level  decr«ises  and  die 
pixqxirtion  of  pigments  involved  in  photosynthetic,  as  opposed  to  photoprotective  processes,  increases. 


Rg.  6.  Fluorescence  spectra  for  flesh  (solid),  DCMU-treated  (doc-dash),  glutaraldehyde-  (dotted),  and 
ethanol-preserved  (dadied)  cultures  of  N.  closterium  (a)  and  /.  galbana  (b).  Differences  exist  Ax*  each 
treatment  dutxightrat  die  spectrum. 
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noted  within  10-15  min  if  cells  were  removed  from  the  growth  chamber  and  placed  in  the  dark  at  room 
temperature.  Placing  the  samples  on  ice  after  a  pre-adaptation  in  the  dark  to  maximize  flutxescence 
provided  the  least  variable  excitation  spectra  over  the  3045  min  period  required  to  replicate  measurements. 

Suspension  measurements  of  phytoplankton  populations  provide  the  most  accurate  values  for 
absorption.  Errors  in  the  blue  to  red  ratio  of  absorption,  using  the  quantitative  filter  technique,  range  from 
9  to  20%  (Fig.  4).  The  quantitative  filter  technique  relies  on  a  conecdon  factor  generated  using  mixtures 
of  species  to  correct  for  pad  absorption.l^*  This  technique  is  the  best  available  for  measuring 
abs^tion  by  field  populations;  however,  measurement  of  single  species  cultures  requires  generating  a 
ctMTecticm  factor  fw  each  species  to  increase  the  accuracy  of  the  measurement.^ 

There  remains,  in  some  cases,  the  problem  of  excess  photosynthetic  over  total  absorption  if  the 
excitation  spectrum  is  scal«l  to  the  absorption  value  at  675  nm.  This  method  assumes  that  chi  a  present  in 
Photosystem  I  contributes  minimally  to  total  absorption  and  that  energy  transfer  to  PSII  chlorophyll  a  is 
completely  efficient.'^  Measurements  of  several  species  indicate  that  s^ing  the  fluorescence  vdue  to  85% 
of  the  absorption  will  accommodate  variations  in  energy  and  pigment  distributions  between  photosystems; 
although  the  accurate  scaling  value  will  change  with  sp^ies  and  photoadaptatitxi.^  Measurements  made 
using  Nitzschia  closterium  indicate  some  variation  in  the  degree  of  discrepancy  associated  with 
photoadaptation. 

Additional  measurements  of  a  range  of  species  under  differing  environmental  conditions  will 
increase  the  accuracy  in  quantification  of  photosynthetic  absorption  and  therefore  the  ability  to  interpret 
both  laboratory  and  field  results.  Separating  abwrption  by  photosynthetic  pigments  from  absorption  by 
non-photosynthetic  pigments  and  other  particles,  improves  our  understanding  of  the  variability  in  the 
paramerers  used  for  bio-optical  models  of  photosynthesis^  and  also  will  prove  useful  in  the  interpretation 
of  active  and  passive  fluorescence  emission  signals  in  the  field,  (^antification  of  fluorescence  may  allow 
full  development  of  the  idea  originally  proposed  by  Yentsch  and  Yentsch^^  that  fluorescence  excitation 
spectra  may  be  used  to  characterize  phytoplankton  populations  by  taxonomic  groups. 
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ABSTRACT 

Sea  phytoplankton  plays  a  considerable  role  in  the  interactive  processes  between  light  and  the  sea.  Its 
qjecies  composition  and  the  physiological  developmoit  phase  influence  the  spectrum  of  the  light  attenuation 
coeflicient  in  the  sea.  Laboratory  measurements  of  light  attenuation  spectrum  were  carried  out  on  three  different 
phytoplankton  monocultures  of  the  unicellular  green  algae  Chlorella  vulgaris  and  the  larger  Chlorella  kesleri 
and  the  blue-green  alga  Chroococcus  minor .  The  cultures  were  subjected  to  chemical  (NaOH  and  temperature) 
or  physical  (ultrasounds)  factors  v\4iich  altered  their  internal  cell  structures.  Distinct  changes  in  the  light 
attenuation  spectrum  were  observed  as  a  result  of  the  modification  of  the  internal  cell  structures.  Light 
attenuation  cross-sections  of  those  phytoplankton  cells  were  also  determined. 


1.  INTRODUCTION 

Phytoplankton  is  a  part  of  the  marine  environment  which  has  a  significant  influence  on  the  light  field  in 
the  sea  and  another  light  interaction  process  with  the  sea.  However,  the  phytq[>lankton  distribution  in  the  sea  is 
to  a  great  extent  dependent  on  the  light  field.  This  phenomenon  leads  to  complex  interactions  between  optical 
parameters  of  the  sea  water  and  the  phytoplankton  distribution  in  the  near  surface  layer  of  the  sea.  The  type  of 
the  phytoplankton  as  well  as  the  phase  of  its  physiolt^cal  develq)ment  influence  the  light  attenuation 
coefficient  and  other  optical  parameters  of  natural  sea  waters.  Satellite  based  estimations  of  the  sea  basins 
vitality  are  carried  out  using  light  emitted  from  the  sea.  This  light  is  also  a  net  product  of  the  complex  processes 
of  light  interactions  with  the  marine  environment,  including  phytoplankton. 

A  precise  understanding  of  the  mechanism  of  light  interaction  with  phytoplankton  cells  can  be  helpful  in 
creating  accurate  models  which  describe  optical  phenomena  in  the  sea.  Moreover  it  may  lead  to  easier 
interpretation  of  information  which  is  obtained  via  satellites  as  well  as  to  understanding  the  influence  of  lifting 
on  the  primary  production  in  the  sea  and  ocean. 

The  process  of  light  attenuation  by  phytoplankton  is  the  net  effect  of  light  absorption  and  light 
scattering  in  its  cells.  Differences  in  the  inner  structures  of  the  cells  play  a  significant  role  in  this  phoiomenon.^ 
Artificial  changes  of  the  iruier  structures  of  phytoplankton  cells  affect  the  phytoplankton's  scattering  prr^rties 
and  therefore  influence  light  attenuation  by  its  cells. 

In  order  to  verify  this  effect,  laboratory  investigations  of  light  attenuation  by  three  various 
phytoplankton  suspensions  were  carried  out.  The  suspensions  were:  a  monoculture  of  spherical,  unicellular 
Chlorella  vulgaris  and  Chlorella  kesleri  and  spherical  Chroococcus  minor.  Tests  were  carried  out  on  both  live 
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cultures  and  cultures  wiiich  were  treated  with  chemical  compounds  or  treated  physically  in  order  to  change  their 
internal  structures. 

This  paper  presents  the  results  of  these  investigations 


2.  LIGHT  ABSORPTION,  SCATTERING  AND  ATTENUATION  BY  PHYTOPLANKTON 

If  a  parallel  beam  of  light  of  lo  intensity  illuminates  a  scattering  medium  of  a  thickness  of  d  the 
intensity  of  the  att^uated  light  I  is  described  by  the  following  formula; 

I  =  lo  exp(-  N  C  d),  (1) 

where  N  is  the  concentration  of  scattering  and  absorbing  particles  and  C  is  the  mean  attenuation  cross-section  of 
the  particle.  C  is  the  sum  of  the  scattering  cross-section  and  absorption  cross-section  C^; 

C  =  Cg  +  Cj  (2) 

Both  cross-sections  Cg  and  depend  on  (^tical  parameters  of  the  particles  (complex  light  refraction 
coefficient)  and  their  geometric  parameters  (size).  Such  a  situation  also  occurs  in  the  case  of  suqiensions  which 
are  found  in  the  marine  environment  including  phytoplankton^  and  microplankton.^  It  was  experimentally 
confirmed^  that  in  the  process  of  light  interaction  with  phytoplankton  cells  an  important  role  is  played  by 
nonhomogeneities  >^ch  occur  in  the  inner  structure  of  the  cells  (nucleus  and  the  other  parts).Interfering  with 
the  iimer  structures  causes  changes  in  the  cells  scattering  properties  including  functions  ^^ch  create  scattering 
matrix  (MuUer  matrix)  i.e.  intensity  functions.  Therefore,  it  must  be  assumed  that  the  attoiuation  cross-sections 
of  phytoplankton  deprad  on  the  iruier  structure  of  the  cells.  The  d^ree  of  the  influence  of  the  destruction  of  the 
iruier  structure  on  the  scattering  and  attenuation  cross-sections  may  vary  for  various  wavelerigths.  This  is  due  to 
the  influence  of  the  imaginary  part  of  the  refraction  coefiDcient  for  all  scattering  structures  including 
chlorophyll-protein  centres.  It  is  necessary  to  continue  the  investigations  of  the  spectra  of  attenuation  cross- 
sections. 

The  light  scattering  and  therefore  light  attenuation  by  phytoplankton  should  be  analysed  at  all  levels  of 
nonhomogeneities  which  occur  in  its  cells  ^  as  follows: 

•  at  the  level  of  the  external  size  of  the  cells  or  organians  (C^ ) 

•  at  the  level  of  the  inner  structures  (C* ) 

•  at  the  level  of  macromolecular  structures  of  protein  molecules  and  chlorophyll-protein  centres  (C*’^ ) 

C  =  ce  +  C>  +  (3) 


3.  DESCRIPTION  OF  PHYTOPLANKTON  CELLS 

The  following  unicellular  algae  isolated  from  Baltic  Sea  phytoplankton  were  used  in  the  tests. 

a)  Chlorella  vulgaris. 

Division:  Chlorophyta 
Class:  Euchlorophyceae 
Order:  Chlorococcales 
Family ;  Oocystaceae 
Genera;  Chlorella  Beijemick  1890 
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Species :  Chlorella  vulgaris  Beijemick 

Chlorella  vulgaris  has  spherical  or  elipsoidal  ceils  3  to  10  pm  in  diameter,  thin  cellular  wall  and  one 
chromatophore.  This  species  is  very  common  in  fresh  waters  however  it  also  occurs  in  the  seas.  For  testing 
axenic  culture  of  A 176  Chlorella  vulgaris  was  used  which  was  extracted  from  the  Baltic  Sea 
phytoplankton  at  the  Institute  of  Oceanology  PAS  in  Sopot.^ 

b)  Chlorella  kesleri 

Division;  Chlorophyta 

Class;  Euchlorophyceae 

Order;  Chlorococcales 

Family;  Oocystaceae 

Genera;  Chlorella  Beijemick 

Species;  Chlorella  kesleri  Fott  and  Nowakowa  1869 

Chlorella  kesleri  has  spherical  always  single  cells  up  to  20  pm  in  diam^r  which  are  surrounded  by  a 
smooth  cel]  membrane.  It  is  very  common  in  fresh  waters  and  in  waters  with  low  saline  concentration.*; 

c)  Chroococcus  minor 

Division;  Cyanphyta 
Class;  Cyanphyceae 
Order;  Chroococcales 
Family.'Gloecapsaceae 

Genera;  Gloecapsa  (kutzing)  Holerbach  emend  1983,  Nageli,  1849  (Chroococcus  Nageli  1849) 

Species;  Gleoecapsa  minor  (Kutzing)  Holerbach 

Chroococcus  minor  presents  poorly  defined  spherical  cells  with  diameter  3-8  pm.  It  creates  oval  or 
irr^larly  shaped  colonies  which  are  surround^  by  a  transparent  jelly.  It  exist  in  inland  waters  e  g.  Zalew 
Szczecin^  (p^  of  the  Baltic  Sea). 

After  the  algae  had  been  cultivated  in  a  solid  bactopeptone  medium  for  several  days,  the  cells  were 
washed  with  nutrients  and  then  incubated  for  7  days  in  order  to  adapt  the  organisms  to  a  liquid  medium. 

The  algae  incubation  was  carried  out  in  BBM  (Bold  Basal  Medium),^  with  constant  illumination  of  150 
mE  m"2  s‘*  and  at  a  temperature  of  2 l^C  ±  2^C. 

Algae  thus  prepared  were  modified  in  order  to  obtain  changes  in  the  inner  stracture  of  the  cells.  Those 
modifications  were  carried  out  as  follows; 

•  ultrasonic  interaction  with  liquid  culture  Chlorella  vulgaris  using  Ultrasonic  Homogenizer  4710  Series 
(Cole  Paxner)  for  a  period  of  10  minutes  at  a  power  of  30  W  >^ch  caused  disintegration  of  the  cells  inner 
stmctures  but  did  not  damage  their  walls, 

•  boiling  algae  for  10  minutes  in  10%  NaOH  (sodium  hydroxide)  solution  which  caused  the  complete 
destruction  of  the  interior  of  the  cells. 

Under  microscopic  investigations  it  was  confirmed  that  only  the  walls  of  the  empty  cells  remained.  In  addition  to 
the  above  modified  stmctures,  the  following  cultures  were  used; 

-  live  non  modified  cultures, 

-  acetone  chlorophyll  extracts  of  live  cultures. 


4.  THE  RESULTS  OF  LIGHT  ATTENUATION  MEASUREMENTS 

The  transparoicy  of  both  live  and  modified  cultures  of  phytoplankton  cells  were  tested  using  a  UV-VIS 
q)ectrophotometer  (Zeiss).  The  measurements  were  carried  out  at  the  Institute  of  Experimental  Physics  at  the 
University  of  Gdahsk.  The  cultures  being  tested  were  placed  in  flat  cuvettes  of  0.5  to  2  cm  thickness.  The 
cuvettes  were  illuminated  with  a  beam  of  monochromatic  light  at  various  waveloigths  about  1  cm  in  diameter. 
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At  a  distance  of  0.4  m  beyond  the  sample  the  Ught  beam  was  registered  by  a  photocell.  Thai  it  was  compared 
with  the  same  beam  of  light  which  went  through  the  reference  material  i.e.  pure  nutrients  (cultures)  and  acetone 
(extracts).  Visible  light  wavelengths  ranging  from  0.36  pm  to  0.78  pm  were  used. 

Microscopic  examinations  were  used  to  determine  the  actual  concentrations  of  cells  for  tested  samples 
and  the  concentrations  of  cells  which  relate  to  chlorophyll  concentration  in  solution.  Furthermore,  the  results 
obtained  for  the  I/Io  ratio  were  used  to  determine  the  spectra  of  the  mean  values  of  light  attenuation  cross- 
sections  using  the  following  formula: 


C  = 


(4) 


The  results  of  calculations  aimed  at  determining  the  light  attenuation  of  cross-secticms  of  Chlorella 
vulgaris,  Chlorella  kesleri  and  Chroococcus  minor  are  presented  in  Figures  1,2,3  for  live  cells  (A),  those 
treated  with  temperature  (B)  and  those  treated  with  ultrasounds  (C).  In  addition,  these  figures  show  the  spectra 
of  the  Ught  absorption  cross-section  of  the  chlorophyll  extract  which  has  a  concentration  corresprmding  to  the 
concentration  in  live  cells  (D).  The  modification  of  the  inner  structures  of  the  phytoplankton's  ceUs  was 
changing  optical  properties  of  those  cells. 


Fig.  1.  Attenuation  mean  cross-sections  qiectra  for  Chlorella  vulgaris  cell.  A  -  aUve  cell,  B  -  thermaUy 
modified  cell,  C  -  ultrasonic  modified  cell,  D  -  acetone  extract  of  chlorqphyll  from  one  cell. 
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Fig.  2.  Attenuadon  mean  cross-sections  spectra  for  Chlorella  kesleri  cell.  A  -  alive  cell,  B  -  thomally 
modified  cell,  C  -  ultrasonic  modified  cell,  D  -  acetone  extract  of  chlorophyll  fiom  one  cell. 


Fig.  3.  Attenuation  mean  cross-sectitms  q)ectra  for  Chroococcus  minor  cell.  A  -  alive  cell,  B  -  thermally 
modified  cell,  C  -  ultrasonic  modified  cell,  D- acetone  extract  ofchlorophyll  fiom  one  cell. 
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5.  CONCLUSIONS 


The  dependence  of  light  attenuation  spectra  by  phytoplankton  cells  on  the  method  and  degree  of  inner 
structure  destruction  was  confirmed 

Significant  changes  of  the  q>ectrum  of  the  light  attoiuation  of  tested  phytoplankton  cells  as  a  result  of 
inner  structure  modifications  were  confirmed. 

In  the  process  of  light  interaction  with  phytoplankton  a  decisive  role  is  played  by  light  scattering  which 
is  more  significant  than  light  absorption. 

The  influence  of  chlorophyll  absorption  on  light  attrauation  cross-sections  of  the  cells  is  insignificant 

In  the  process  of  light  attenuation  a  significant  role  is  played  by  the  cells  iimer  structures.  For  this 
process  phytoplankton  classification  based  on  the  organisation  of  inner  structure  is  as  important  as  the 
classification  based  on  the  size  and  shape  of  the  cells. 

In  the  case  of  Chroococcus  minor  the  difference  between  the  attenuation  (absorption)  of  extracted 
chlorophyll  in  the  maximum  of  absorption  and  attenuation  of  the  whole  cell  is  smaller  than  in  the  case  of 
Chlorella  vulgaris  and  Chlorella  kesleri  ^^ch  were  tested. 


6.  REFERENCES. 

1.  BischoffH.  W.,  Bold  H.  C.,  1963,  Phycol.  Stud.  4,  Univ  Texas  Public  No  6318. 

2.  G^dziorowska  D.,  1983.  Isolation  of  Baltic  unicellular  algae  and  obtaining  axoiic  cultures  for 
physiological  and  biochemical  investigations.  SiMO  41. 

3.  Kr6l  T.,  Zielinski  A.,  Witkowski  K.,  1992,  Light  scattering  on  Chlorella  vulgaris  cell.  SPIE  Vol.  1750 
Ocean  Optics  San  Diego. 

4.  Morel  A.  Theoretical  results  concerning  light  absorption  in  a  discrete  medium  and  application  to  ^)ecific 
absorption  by  phytoplankton .  Dep  Sea  Research.  Vol  28A  No  1 1. 

5.  Zielinski  A.,  T.  Kr61,  D.  G^dziorowska.  1987.  The  Influence  of  the  Inner  Structure  of  the  Chlorella 
vulgaris  Cell  on  the  Light  Scattering  Prqierties.  Bulletin  of  the  Polish  Academy  of  Sciences.  Earth  Sciences 
Vol.35.  No.2. 


SPIE  Vol.  2258  Ocean  Optics  XII  (1994)  /  T39 


Diel  ▼asriability  of  in  vivo  chlorophyll  flvoxescenoe 
in  near-anrface  water  layer 


A.M.  Chekalyuk  and  M.Yu.  Gorbunov* 

Moscow  State  University,  Dept,  of  Physics  (*Dept.  of  Chemistry), 

Moscow  119899,  Russia 


ABSTRACT 

The  analysis  of  diel  variations  in  fluorescence  yield  of  chlorophyll-a  (Chl-a)  in  vivo 
is  presented  in  the  paper,  relying  on  recent  field  observations  and  laboratory 
studies,  as  well  as  on  biophysical  description  of  the  relationship  between 
photosynthesis  and  Chl-a  fluorescence. 

In  general,  the  phenomenon  is  caused  by  the  combined  action  of  a  number  of 
environmental  factors  and  physical  processes  in  the  near-surface  water  layer  (changes 
in  ambient  irradiance,  nutrient  availability,  vertical  mixing,  etc.).  In  particular, 
the  variations  in  fluorescence  yield  due  to  "instant"  changes  and  diurnal  variations 
in  ambient  irradiance  can  be  explained  as  the  manifestations  of  "photochemical"  and 
"non-photochemical"  quenching  of  Chl-a  fluorescence,  respectively.  The  peculiarities 
of  these  regulations  depends  to  a  large  extent  on  the  nutrient  supply  of  the  cells. 

Field  studies  of  the  diel  variability  in  Chl-a  fluorescence  were  carried  out  with  a 
shipborne  lidar  system  in  the  Baltic,  Mediterranean,  Black  seas,  and  in  the  Atlantic 
ocean.  As  predicted  by  the  model,  we  observed  the  maximal  values  of  Chl-a  fluorescence 
irield  in  the  near-suiface  layer  at  night  and  its  decrease  in  the  noon.  The  max/min 
ratio  varied  from  3  to  1,  depending  on  environmental  conditions  and,  thus,  on  the 
functional  state  of  photosynthetic  apparatus.  Non-photochemical  mechanisms  of 
"photoinhibitory"  and  energy-dependent  quenching  were  found  to  be  the  major  mechanisms 
of  regulation  of  Chl-a  fluorescence  yield  at  a  diurnal  scale. 


1.  INTRODUCTION 

The  phenomenon  of  diel  variability  in  algal  chlorophyll-a  (Chl-a)  fluorescence  is 
of  particular  significance  when  measuring  in  the  nearsurface  water  column,  where  the 
ranges  of  variations  in  solar  illumination  and  nutrient  availability  are  maximum. 
Although  changes  in  variqus  parameters  (cell  concenration,  Chl-a  content  per  cell, 
etc.)  can  contribute  to  the  overall  variability  of  Chl-a  fluorescence  in  situ,  this 
effect  is  determined  to  a  large  extent  by  diurnal  variations  in  Chl-a  fluorescence 
quantum  yield.  In  essence,  the  Chl-a  fluorescence  is  a  channel  of  energy  dissipation 
accompanying  photosynthetical  conversion  of  absorbed  light  energy.  The  fluorescence 
yield  is  therefore  subjected  to  regulation  of  an  efficiency  of  primary  stages  of 
photosynthesis  by  environmental  factors,  such  as  ambient  irradiance,  nutrient 
availability,  temperature. 

The  present  papar  is  devoted  to  analysis  of  diel  variability  in  Chl-a 
fluorescence,  based  on  biophysical  description,  as  well  as  on  recent  laboratory  and 
field  studies. 


I 
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2.  REGULATION  OF  PHOTOSTSTEIf  II  PHOTOCHEMISTRY  EFFICIENCY  AND 
CHLOROPHYLL  FLUORESCENCE  BY  AMBIENT  IRRADIANCE 

In  vivo  fluorescence  of  Chl-a  accompanies  the  primary  stages  of  photosynthesis 
(see  as  a  review  *).  At  a  room  temperature  the  major  contribution  to  Chl-a 
fluorescence  is  emitted  from  photosystem  II  (PS2).  Chl-a  fluorescence  yield  depends  to 
a  large  extent  on  a  functional  state  of  PS2  reaction  centers  (RCs).  Due  to  unfavorable 
environmental  conditions  (e.g.  nutrient  limitation)  some  fraction  of  PS2  RCs  can  be 
photochemically  inactive.  If  a  potentially  functional  RC  is  open  (i.e.  the  primary 
quinone  acceptor  is  oxidized))  a  capture  of  excitation  effectively  drives 

non-cyclic  electron  transport.  As  in  the  dark  all  functional  PS2  RCs  are  open,  the 
quantum  yield  of  fluorescence  is  minimal,  and,  to  a  first  approximation,  can  be 
described  as  follows  (similar  to  ^)  : 

$  =  K  /(K  +  K  +  f  K  ).  (1) 

Here  K^,  K^,  and  denote  the  rate  constants  for  three  competitive  ways  of  energy 

deactivation  (fluorescence,  non-radiative  thermal  dissipation,  and  trapping  by  RC, 
respectively);  f  is  a  fraction  of  potentially  active  RCs  (0  <  f  <  1). 

When  functional  PS2  RC  is  in  the  closed  state  with  reduced  (i.e.  Q^“),  the 
chain  of  electron  transport  is  blocked  and  K  =  0.  This  leads  to  corresponding 

T 

increase  in  the  probability  of  fluorescence  emission.  When  all  the  PS  2  RCs  are  closed 
(e.g.  due  to  a  saturating  pump  flash),  the  fluorescence  yield  reaches  its  maximum 
value 


=  K^/(K^  +  K^)  .  (2) 

As  in  the  dark  all  functional  RCs  are  open,  the  potential  quantum  yield  of 
photochemistry  in  PS2  ($^)  is  equal  to  the  probability  of  exciton  capture  by 

functional  RCs*  : 


®  =  f  K  /(K  +  K  +  f  K  )  .  (3) 

From  (1)  and  (2)  it  follows,  that 

$  =($-$)/$  ,  (4) 

F  BOB 

and  it  can  be  easily  estimated  by  measuring  $  and  $  magnitudes  for  dark-adapted 

O  B 

algae.  Note,  that  $  is  minimal  when  all  RCs  are  potentially  functional  (f  =  1),  and 

O 

tends  to  $  with  the  increase  in  the  fraction  (1-f)  of  inactive  RCs  under  unfavorable 

a 

changes  in  environment,  resulting  in  corresponding  decrease  in  $ .  According  to 

a  '5.6 

laboratory  measurements  (  as  well  as  our  unpublished  data)  and  field  studies,^  the 

maximum  potential  efficiency  of  photochemistry  in  PS2  (when  f  -  1)  for  algae  -  0.65 
regardless  of  species  examined  and  growth  irradiance.  In  other  terms,  the  maximum 
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$  /$  ratio  was  found  to  be  about  3  under  nutrient-replete  conditions.  Based  on  this 

•  O 

fact,  K  =  2  (K  -f  K  )  in  our  model,  and,  to  a  first  approximation,  the  fraction  of 

T  F  D 

functional  PS2  RCs  (f)  can  be  estimated  as  {(0  )/$  1/0.6S.  ^ 

•  o  a 

In  the  presence  of  continuous  light,  photosynthetic  reactions  start  their 
performance.  In  general,  the  actual  efficiency  of  photochemistry  in  PS2  appears  to  be 
lowered  in  comparison  with  its  potential  value  $  =  ($  -$  )/$  measured  in  the  dark 

17  p  ■  o  « 

(e.g.  ’  ).  This  results  in  corresponding  changes  in  parameters  of  the  Chl-a 

fluorescence.  It  is  common  practice  to  analyze  the  influence  of  ambient  irradiance  on 

in  vivo  Chl-a  fluorescence  in  terms  of  ’photochemical’  and  ’non-photochcmical’ 

quenching  (e.g. 

In  essence,  various  mechanisms  of  non-photochemical  quenching  play  a  protective 
role  for  photosynthetic  apparatus  under  excessive  levels  of  ambient  irradiance.^  In 
spite  of  their  different  origin,  these  generally  provide  an  increase  in  non-radiative 

thermal  deactivation  of  excitation  energy.  Since  the  protective  function  of 

non- photochemical  quenching  is  limited  (both  genetically  and  due  to  environmental 
regulation),  at  supraoptimal  levels  of  irradiance  the  photo  damage  may  occur  in  some 
of  PS2  RCs,  resulting  in  decrease  in  fraction  of  RCs,  capable  of  photochemistry.  In 
the  context  of  our  simplified  model,  these  phenomena  can  be  described  by  introducing  a 
rate  constant  K’  of  thermal  dissipation,  and  a  fraction  of  functional  PS2  RCs  f’,  both 

irradiance-dependent.  In  particular,  the  maximum  ($’)  and  minimum  ($’)  fluorescence 

M  O 

yields  under  ambient  irradiance  can  be  presented  as  follows: 

=  K /(K  +  K’  +  r  K  )  ,  and  (5) 

o  P  P  0  T 

$’  =  K  /(K  +  K’)  .  (6) 

■  P  P  D 

Unlike  the  dark-adapted  state,  under  ambient  light  the  probability  for  exciton  to 
be  trapped  by  functional  RCs 

$’  =  f’  K  /(K  +  K’  +  r  K  )  =  ($’-4’)/$’  (7) 

T  TFD  T  mom 

does  not  describe  the  efficiency  of  photochemistry,*®  as  some  fraction  (1-A)  of 
functional  PS2  RCs  appears  in  virtually  closed  state  due  to  the  relatively  slow  rate 
of  Q~  reoxidation.  This  effect  leads  not  only  to  decrease  in  the  quantum  yield  of 

photochemistry  $’,  but  also  causes  corresponding  rise  in  actual  yield  of  fluorescence 

p 

^  as  compared  with  its  minimal  for  a  given  level  of  irradiance  value  $’.  This  effect 

O 

is  usually  interpreted  as  a  decrease  in  photochemical  quenching. 

To  a  first  approximation,  the  resulting  actual  fluorescence  yield  can  be 

determined  as  a  sum  of  contributions  from  open  and  closed  reaction  centers.®'**  If  we 
designate  a  fraction  of  the  open  functional  PS2  RCs  as  A  (0  <  A  <  1), 

=  A  ^’  +  (1-A)  (8) 
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From  it  follows  that 


A  s  =  Q  ,  (9) 

■  MO  P 

where  is  a  coefficient  of  photochemical  quenching.*^ 

Relying  on  the  approach  of  Genty  et  al.*^  the  actual  quantum  efficiency  of  PS2 
photochemistry  under  ambient  irradiance  (i.e.  9^)  can  be  estimated  as 

=  A  =  A  r  K  /(K  +  K’  +  r  K  )  =  (10) 

Thus,  ®*  can  be  obtained  by  measuring  the  actual  (F*)  and  maximum  (F*) 

P  ■ 

fluorescence  levels,  and  calculating  (®’-®*)/®*  =  (F’-F*)/F’. 

m  m  m  m 


Equations  (5),  (6),  (8),  and  (10)  provide  a  basis  for  analysis  of  the  regulation 
of  PS2  photochemistry  efficiency  and  Chl-a  fluorescence  due  to  variations  in  ambient 
irradiance  in  different  environmental  conditions.  In  particular,  the  major 
peculiarities  of  diel  variations  in  Chl-a  fluorescence  yield  and  in  near-surfacc 

water  layer  can  be  explained  relying  on  this  approach. 

Three  major  environmental  factors  control  the  observed  diel  variability  in  these 
parameters:  nutrient  availability,  light  history  and  current  level  of  ambient 
irradiance.  According  to  recent  studies,*^*^  the  nitrogen  and  iron  limitations  can 
lead  to  significant  changes  in  algal  photosynthetic  apparatus.  In  particular,  these 
cause  the  reduction  in  the  fraction  (f)  of  functional  PS2  RCs  due  to  losses  in  the 
content  of  proteins,  associated  with  PS2.  Whereas  the  maximum  fluorescence  yield  is 
independent  upon  functional  state  of  PS2  RCs  (see  eq.  (2),  6)),  both  the  minimum 
"dark”  fluorescence  yield  ®  and  the  potential  efficiency  of  PS2  photochemistry  ®  are 

o  p 

subjected  to  changes  under  Fe  or  N  limitation.  From  eq.  (1)  and  (2)  it  follows,  that 
®  will  increase  from  its  minimum  value  (about  1/3  ®  ),  characteristic  for 

o  ■ 

nutrient-replete  conditions,  up  to  the  level  of  maximum  "dark”  fluorescence  yield  ® 

m 

(strong  nutrient  deficiency)  with  the  reduction  in  f  due  to  nutrient  limitation.  In 
contrary,  the  potential  efficiency  of  photochemistry  (see  eq.(3))  will  be  lowered  with 
decline  of  f  in  comparison  with  its  maximum  value  0.65.  Under  natural  conditions, 

these  "dark”  magnitudes  of  ®  and  ®  ,  determined  by  current  situation  with  nutrient 

o  P 

supply,  define  night  values  of  the  fluorescence  yield  and  the  potential  efficiency  of 
photochemistry  in  PS2. 

After  sunrise,  when  photosynthesis  begins  its  performance,  the  increasing  ambient 
irradiance  leads  to  corresponding  changes  in  the  "starting"  night  values  of 
fluorescence  yields  (both  ®  and  ®  )  and  PS2  photochemical  efficiency.  The 

O  ■ 

non-photochemical  quenching  (Q^)  play  an  important  role  in  this  regulation.  From  the 

above  model  it  is  evident  that  the  associated  rise  in  non-radiative  losses  should 

affect  the  magnitudes  of  all  related  parameters  (i.e.  ®*,  ®*,  and  ®*),  but  the 

o  ■  T  P 
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degree  of  its  impact  on  each  parameter  is  different. 

The  reduction  in  maximum  fluorescence  ft*  (see  eq.6)  must  be  more  pronounced, 

m 

regardless  of  PS2  RCs  functional  state.  By  contrast,  a  degree  of  decline  in  the 
minimum  fluorescence  yield  ft*  will  depend  upon  the  fraction  (f)  of  functional  PS2  RCs. 

O 

In  nutrient-replete  conditions  under  moderate  ambient  irradiance,  when  the  major  part 
of  PS2  RCs  are  functional  (f  1),  the  manifestation  of  Q  -induced  decrease  is 

minimal,  as  K  2  (K  +  K  ),  see  eq.5.  In  contrary,  under  nutrient  depletion 

T  P  D 

(decrease  in  f)  the  minimum  fluorescence  yield  must  be  not  only  higher  as  compared 
with  replete  conditions,  but  more  sensitive  to  Q  regulation.  In  a  limiting  case  of 

full  depletion  (f  -  0),  the  quantitative  manifestation  of  Q  should  be  similar  to  that 

one  characteristic  for  ft*  (see  eqs.S,6). 

■ 

Under  moderate  irradiance  levels,  when  is  capable  to  protect  PS2  RCs  from 
photodestruction,  the  decrease  in  efficiency  ft  of  exciton  trapping  by  functional  P52 

T 

RCs  is  determined  (eq.8)  by  the  Q  -related  rise  in  K^,  and  in  general  its 

peculiarities  with  regard  to  nutrient  supply  are  similar  to  those  discussed  above  for 
ft  (compare  eq.5  and  eq.7).  Further  increase  of  excessive  irradiance  can  exhaust  the 

O 

protective  potential  of  and  cause  inactivation  of  some  PS2  RCs  (Neale,  1987),  i.e. 
the  decrease  in  T  resulting  in  additional  reduction  in  ft .  The  mechanism  of 
Q^-produced  decrease  in  the  actual  efficiency  of  PS2  photochemistry  ft’  can  be 
described  in  that  way  (see  eq.lO). 

Hand  in  hand  with  the  non-photochemical  quenching,  the  mechanism  of  virtual 
closure  of  a  fraction  (I-A)  of  functional  PS2  RCs  (i.e.  light-induced  decrease  in 
photochemical  quenching)  is  responsible  for  the  light  regulation  of  the  actual 
fluorescence  yield  ft*  and  the  actual  quantum  efficiency  of  PS2  photochemistry  ft’ 

(eq.8, 10),  leading  to  an  increase  in  the  former  and  a  decrease  in  the  later  with  a 
rise  of  ambient  irradiance.*’  ’*’*  **  From  eq.8  it  is  evident  that  the  greater  is 
the  difference  between  ft*  and  ft’,  the  more  marked  should  be  variations  in  ft’  due  to 

O  ■ 

the  light-induced  changes  in  A,  a  fraction  of  open  PS2  RCs.  Thus,  the  effect  of 
changes  in  Q  (e.g.  due  to  fast  changes  in  ambient  irradience)  will  be  more  pronounced 

p 

in  case  of  good  functional  state  of  photosynthetic  apparatus  (i.e.  f  i),  e.g.  under 
nutrient-replete  conditions. 

According  to  the  laboratory  and  direct  in  situ  measurements,*’**'*’  this  effect 
becomes  noticeable  even  at  a  relatively  low  level  of  irradiance  (e.g.  1-A  **  0.2  at  the 
fluence  rate  of  IS  ^mol  quanta  m~*  s'*),  and  come  into  particular  prominence  at  a 
moderate  ones  (1-A  0.80  at  300  |Jhnol  quanta  m'*  s'*).  As  a  result,  it  plays  a 
significant  role  in  near-surface  water  layer  in  the  sea. 

One  of  the  distinctions  between  photochemical  and  non-photochemical  fluorescence 
quenching  is  the  relaxation  times  for  their  response  to  changes  in  ambient  irradiance. 
This  time  is  several  seconds  for  the  photochemical  quenching  while  it  ranges  from 
several  to  tens  of  minutes  for  the  non-photochemical  that  (e.g.  *’*).  This  distinction 
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is  used  for  quantitative  recording  the  contributions  of  these  quenching  mechanisms 
(see  e.g.  **). 

With  regard  to  the  non-photochemical  quenching,  there  are  several  mechanisms 
potentially  capable  to  contribute  to  this  effect  in  natural  conditions.  These  are  a 
rise  of  light-induced  pH  gradient  across  thylakoid  membrane  (so-called  "Aptf-dependent" 
or  "energy-dependent"  quenching),  alterations  in  xanthophyll  cycle,  photoinhibition  of 
primary  stages  of  photosynthesis  resulting  in  inactivation  of  PS2  RCs  and  increase  in 
the  rate  of  non-radiative  energy  dissipation;  photophosphorylation  of  polipeptides  of 
the  PS2  light-harvesting  co^lex;  spillover;  and  photodestruction  of  pigments  and 
lipids  of  thylakoid  membrane.'* 

Under  normal  physiological  conditions  spillover  and  photophosphorylation  are 
weakly  displayed  in  intact  sells.'  The  energy-dependent  quenching  decreases  the 
variable  fluorescence  yield  and  is  pronounced  at  irradiance  levels  of  30-300  Ikool 
quanta  m“^  s"'  (’’'’h  Excessive  irradiance  (over  1000  )imol  quanta  m"^  s"')  may  lead 
to  photoin  hibition'*  of  photosynthesis.  Photodestruction,  resulting  in  a  marked 
decline  of  both  ^  and  $*,  may  occur  under  prolonged  (over  1  hour)  action  of  strong 

"  ■  2  1  M 

ambient  light  (about  2000  ^mol  quanta  m  s  (  ). 


3.  METHOD  AND  INSTRUMENTATION 

A  lidar  implementation^  of  the  pump-and-probe  technique^"*^  was  applied  in 
this  study.  As  in  case  of  conventional  LIDAR  systems,  a  pump-and-probe  LIDAR 
provided  remote  measurements  by  using  laser  pulses  for  excitation  of  Chl-a 
fluorescence  in  sub-surface  water  layers.  The  distinction  was  that  the  fluorescence 
was  alternately  detected  in  response  to  the  excitation  by  a  single  probe  pulse  and  by 
the  probe  pulse  following  a  pump  pulse  (see  Fig.l).  In  the  first  case  the  actual  (or 
minimal  in  night)  Chl-a  fluorescence  intensity  (^)  was  detected,  in  the  second  case  - 

the  maximum  one  (&).  The  function  of  the  pumping  laser  pulse  was  to  cause  the 

transition  of  previously  open  RCs  to  the  closed  state  at  the  moment  of  probe  pulse 
action;  the  role  of  probe  pulse  -  to  induce  Chl-a  fluorescence  to  be  detected. 

Block  diagram  of  a  pump-and-probe  lidar  system  is  presented  in  Fig.2.  It  consists 
of  two  pulsed  Nd:YAG-lasers,  an  optical  system,  including  optical  multichannel 
analyzer  (OMA),  and  a  computer  for  control  over  the  system  and  data  processing.  All 
components  of  the  lidar  (excluding  folding  mirror)  were  mounted  inside  a  ship 
laboratory.  Pulses  of  the  first  laser  (radiatk>n  wavelength  -  532  nm;  pulse  duration  - 
10  ns;  pulse  power  -  3.5  MW)  were  utilized  as  the  pump  ones  to  close  initially  open 
RCs  PS  II.  The  second  laser  generated  the  probe  pulses  (532  nm;  10  ns;  0.5  MW)  to 
induce  Chl-a  fluorescence  emission.  A  delay  between  the  pump  and  the  probe  pulses  in  a 
double-pulse  mode  was  about  30-50  )is.  Gating  the  OMA  system  by  50  ns  pulses 

synchronously  with  the  probe  laser  pulses  allow  to  avoid  adverse  contributions  from 

ambient  light  and  pump-induced  fluorescence.  Those  parameters  allowed  pump-and-probe 
measurements  of  laser-induced  Chl-a  fluorescence  in  a  sub-surface  water  layer  (1-2  m 
depth)  from  a  distance  to  water  surface  of  10-15  m,  including  prolonged  day-and-night 
along-track  monitoring  at  synoptic  scale.* 

An  example  of  the  pump-and-probe  spectral-resolved  measurement  is  presented  in 
fig.l.  All  fluorescence  data  presented  below  are  normalized  to  corresponding  Chl-a 
concentrations  at  water  surface,  and  to  intensities  of  water  Raman  scattering  I  , 
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FiS.l.  Typical  spectra  of  return  signal  from  sea  water  recorded  in 
response  to  excitation  by  a  single  probe  pulse  (left)  and  by  a  probe 
pulse  following  a  saturating  pump  one  (right).  The  delay  time  between 
the  pump  and  probe  pulses  is  40  )4s;  the  excitation  wavelength  S32  nm. 
The  action  of  the  pump  pulse  causes  the  closing  of  the  initially  open 
reaction  centers  of  PS2,  and,  thus,  an  increase  in  the  Chl-a 
fluorescence  measured  in  response  to  the  succeeding  probe  flash. 


Fig.2.  Block  diagram  of  the  pump-and-probe  LIDAR  system  for  measuring 
the  pump-induced  change  in  chlorophyll-a  fluorescence  of  phytoplankton. 
The  system  consists  of  two  frequency-doubled  Nd:YAG>lasers  for 
generating  the  pump  and  probe  pulses,  the  detection  system  including  an 
optical  multichannel  analyzer  (OMA)  to  record  the  probe-induced 
fluorescent  response,  and  a  computer. 
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induced  in  the  same  water  column  by  the  laser  excitation  (for  detail  see  As 
detected  is  linear- proportional  to  the  energy  of  probe  laser  pulse,  this  approach 

provides  a  basis  for  remote  estimates  of  relative  variations  in  Chl-a  fluorescence 
yield. 

4.  RESULTS  AND  DISCUSSION 

A  bright  manifestation  of  environmental  regulation  of  Chl-a  fluorescence  yield  is 
the  o^erved  diurnal  variations  of  Chl-a  fluorescence  in  the  near-surface  water  layer 
(e.g.  ^).  We  studied  this  phenomenon  with  a  shipborne  lidar  system  in  various 

environmental  conditions  during  cruises  in  the  Baltic,  Mediterranean  and  Black  seas, 
as  well  as  in  the  Southern  and  North-Western  Atlantic. 

Diel  variations  of  the  actual  Chl-a  fluorescence  F*,  measured  in  situ  with  a 

single  pulse  excitation,  and  the  maximum  one  F*  ,  measured  in  pump-and-probe  mode,  are 

• 

shown  in  Fig.3a,b.  The  data  were  obtained  with  a  shipborne  lidar  during  three  days  of 
measurements  at  the  station  in  the  Tyrrhenian  Sea  (the  Mediterranean)  in  April  of 
1991.  A  diurnal  rhythm  of  the  actual  efficiency  of  PS2  photochemisrty  T)  =  (^’-^)/^’  = 

m  m 

(F’-F’)/F’  is  presented  in  Fig. 3c.  A  dashed  line  presents  diel  variations  in  solar 

m  m 

irradiance  (E)  measured  at  the  sea  surface.  Due  to  sunny  days,  the  maximum  E 
magnitudes  reached  1500  -  1800  JXmol  quanta  m~*  s“^. 


TIME  (hours) 

Fig.3.  Diel  variations  of  the  actual  Chl-a  fluorescence  F’  (a), 
measured  in  situ  with  a  single  pulse  excitation;  the  maximum  one  F’ 

(b),  measured  in  pump-and-probe  mode;  and  the  actual  efficiency  of 
photochemical  reactions  in  PS2  T)  =  ($’-^)/®’  =  (F^-F’)/F^  (c). 

The  data  were  obtained  with  the  shipborne  pump-and-probe  lidar  during 
three  days  of  measurements  at  the  station  in  the  Tyrrhenian  Sea  in 
April  of  1991.  A  dashed  line  presents  diel  variations  in  solar 
irradiance  at  the  sea  surface. 
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At  night,  one  could  see  weak  variations  in  the  actual  fluorescence  (Fig.3a)  in 
the  range  from  O.IS  to  0.17.  During  sunrise,  F’  increased  by  a  factor  of  l.S  as  E 
weakly  rose  up  to  20-30  fimol  quanta  m*^  s  .  Then,  as  the  irradiation  increased,  F’ 
showed  a  sharp  decline,  and  under  E  ^  1000  |Xmol  quanta  m~^  s'*  it  reached  a  steady 
state  at  the  minimum  level  F’  =  0.1.  After  noon,  as  long  as  the  irradiation  exceeded 
300-500  JAmol  quanta  m"’  s"*,  F*  remained  at  its  noon  level.  The  recovery  in  F’  began 
only  with  a  further  decrease  in  irradiation  in  the  evening.  During  the  sunset,  when  E 
fell  down  to  20  |Amol  quanta  m~^  s~*,  a  strong  increase  (-  50%)  in  F’  was  observed. 
Then  F’  decreased  down  to  its  "dark”  magnitude.  The  ratio  of  night  maximum  to  noon 
minimum  fluorescence  (NT/NN  ratio)  was  about  1.5.  Note  a  marked  decrease  in  the  noon 
of  the  third  d^  of  measuring,  when  the  irradiance  reached  its  highest  level  of  1800 
)ilmol  quanta  m*  s~*.  In  general,  the  effect  of  diel  modulation  in  F’  was  not  too  much 
pronounced,  as  it  was  predicted  for  the  case  of  good  functional  state  of  PS2  RCs  (f  ^ 
0.6  -  0.7,  see  below). 

The  diel  variations  in  the  maximum  fluorescence  F*  were  found  to  be  much  more 

pronounced  (see  Fig. 3b).  The  value  of  NT/NN  ratio  was  about  3  in  that  case,  and  while 
the  night  F  value  were  significantly  higher  than  the  corresponding  F  ones,  there 

A  O 

were  observed  no  difference  between  F*  and  F’  at  noon:  F’  followed  F*  in  detail.  That 

m  » 

indicated  that  variable  fluorescence  F*  =  F’-F’  (note,  that  F*>F>F*)  was  fully 

V  ■  o  mo 

inhibited  under  supraoptimal  levels  of  ambient  irradiance  (more  than  1000  fimol  quanta 
m~^  s~*)  in  the  subsurface  water  layer.  A  marked  feature  were  also  sharp  increases  in 

F’  at  the  sunsets  and  sunrises. 

• 

Based  on  these  data,  diurnal  variations  in  the  quantum  efficiency  of  PS2 
photochemistry  were  calculated.  The  results  presented  in  Fig.3c  reveal  that  the 
potential  capacity  of  PS2  for  photochemistry  was  fairly  high:  (P  =  (F  -F  )/F  *  0.4  + 

P  mom 

0.5,  that  corresponded  to  the  fraction  of  functional  PS2  RCs  f  =  (p  /0.65  “  0.6  +  0.7. 

The  increases  in  (D’  were  also  observed  at  the  sunrises  and  sunsets.  Under  moderate 

P  -a  -1 

levels  (E  <  1000  ^mol  quanta  m  s  )  of  ambient  irradiance,  (p’  inversely  followed 

changes  in  E.  In  this  irradiance  range,  these  two  curves  look  like  the  mirror  images 
of  each  other.  The  major  feature  of  9^  curve  is  almost  full  inhibition  of  PS2 

photochemical  efficiency  as  the  level  of  irradiance  exceeded  1000  |imol  quanta  m~^  s'*. 
It  is  necessary  to  note,  that  in  spite  of  apparent  reduction  caused  by  this  effect,  a 
rate  of  the  gross  photosynthesis  (i.e.  CO  assimilation  or  O.  evolution)  may  be 

*  *  7 

reasonably  high  due  to  high  intensity  of  ambient  irradiance  (e.g.  see  Fig.5  in  ). 

As  predicted  by  the  model  presented  in  the  previous  chapter,  the  actual 
fluorescence  yield  ^  should  exhibit  a  similar  behaviour  under  excessive  light,  as  the 

the  maximum  one  9’  does.  The  experimental  evidence  of  this  phenomenon  is  presented  in 

■ 

Fig.4.  Three-days  in  situ  measurements  of  the  actual  fluorescence  F*  (single-pulse 
excitation)  were  conducted  with  a  shipborne  lidar  at  a  station  in  the  Black  Sea  (April 
1988).  The  overal  situation  was  characterized  by  a  decline  of  phytoplankton  spring 
bloom,  where  the  Nitzschia  sp.  was  a  dominant  species.  According  to  DCMU-based 
measurements  in  water  samples  taken  from  a  surface,  up  to  90X  of  PS  2  RCs  were 
inactive  in  that  particular  case  (i.e.  f  ^  0.9). 


ua  /  5PIE  Vol.  2258  Ocean  Optics  XII  (1994) 


3 

d 

3  1.0 

u 

>- 

UJ 

u 

u  0.5 
(/> 

UJ 

oc 

O 

r) 

""  0.0 


Fig.4.  Diel  variations  in  in  situ  Chl-a  fluorescence  yield  measured 
with  a  shipborne  lidar  at  a  three-day  station  in  the  Black  Sea  (April 
1988)  at  the  stage  of  decline  of  phytoplankton  spring  bloom. 

One  can  see  a  significant  noon  decrease  in  F’,  the  ratio  of  night  maximum  to  noon 
minimum  fluorescence  NT/NN  *  3,  just  like  in  the  case  of  diel  variations  presented 

in  Fig  3b.  In  general,  all  major  peculiarities  of  the  observed  diel  changes  were 
similar  in  those  two  cases.  It  is  remarkable,  that  in  the  later  case  there  was 
completely  different  bio-optical  situation  in  the  area  (the  Tyrrhenian  Sea,  1991),  and 
the  measurements  were  conducted  with  a  different  technique  (pump-induced  closure  of 

PS2  RCs  for  F’  measuring).  Note,  that  the  two  F*  curves  presented  in  Fig.3a  and  Fig.4, 

■ 

measured  with  the  same  single-pulse  technique,  are  much  more  distinct. 

Similar  data  on  the  diel  variations  in  F’  were  obtained  with  a  shipborne  lidar 
system  in  various  environmental  conditions  in  the  Baltic  Sea,  and  in  the  Southern 
Atlantic  as  well.  These  observations  suggest  that  the  peculiarities  of  the  did 
changes  in  Chl-a  fluorescence  F*  in  subsurface  water  layer  are  determined  to  a  large 
extent  by  the  regulation  of  the  actual  fluorescence  yield  ^  caused  by  excessive 
levels  of  ambient  irradiance.  The  degree  of  such  regulation  depends  upon  the 
functional  state  of  PS2  reaction  centers,  i.e.  is  directly  related  to  photosynthetic 
capacity  of  algae. 

Mechanisms  of  diel  varia^ns  in  Chl-a  fluorescence  were  studied  under  both 
laboratory  and  field  conditions."  It  has  been  found  that  for  subsurface  phytoplankton 
the  main  mechanisms  of  sunlight  regulation  of  fluorescence  yield  were  ’energy- 
dependent’  fluorescence  quenching,  affecting  at  irradiances  of  100  +  600  fimol  m"*  s"' 
and  photoinhibition  of  primary  photosynthesis  prjjcesses  by  excessive  light,  that  may 
dominate  at  irradiances  more  than  1000  ^mol  m'^  s~*. 


The  Black  Sea,  April  1988 
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S.  CONCLUSION 

The  analysis  of  a  regulation  of  Chl-a  fluorescence  yield  and  of  the  photochemical 
efficiency  of  photosystem  2  by  ambient  irradiance  is  presented  in  the  paper.  The  model 
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is  based  on  a  simplified  biophysical  description  and  reveals  that  the  manifestations 
of  such  regulation  strongly  depend  upon  the  functional  state  of  photosynthctic 

apparatus.  Therefore,  the  nutrient  availability  should  play  an  important  role  in 
related  phenomena,  determining  to  a  large  extent  relative  contributions  of 

photochemiceU  (Q^)  and  non-photochemical  (Q  )  quenching  to  the  overall  regulation.  In 

particular,  Q  -produced  diel  variations  in  actual  fluorescence  yield  should  be  more 

pronounced  in  case  of  nutrient  deficiency,  resulting  in  inactivation  of  PS  2  reaction 
centers.  In  contrary,  ^  is  expected  to  be  more  sensitive  to  an  "instant"  variations 
in  ambient  irradiance  (changes  in  Q  )  in  nutrient  replete  conditions.  The  presented  in 

p 

situ  field  measurements  with  a  shipborne  lidar  system  provide  evidence  of  the  studied 
phenomena  in  various  environmental  conditions  and  generally  support  this  approach. 

Finally,  we  should  stress  that  the  presented  model  and  the  experimental  results 

do  not  aspire  to  an  accurate  and  comprehensive  description  of  a  fairly  complicated 

phenomena  related  to  the  diurnal  variability  of  Chl-a  fluorescence  in  situ.  Our  goal 
was  rather  to  emphasize  a  significant  role  of  the  diel  changes  in  Chl-a  fluorescence 
yield  in  the  overall  variations  of  Chl-a  fluorescence  in  a  subsurface  water  layer,  and 
to  show  the  relationship  between  manifestation  of  these  changes  and  the  functional 
state  of  photosynthetic  apparatus  of  algae.  Apparently,  further,  more  detailed, 
laboratory  and  field  studies  of  this  phenomenon  are  required  for  its  better 
understanding  and  for  developing  the  more  accurate  theoretical  description. 
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ABSTRACT 

Although  nutrient-limited  growth  of  phytoplankton  in  the  laboratory  produces  well-defined  responses  in  the  abscMption  coefficient, 
pigmentation,  and  quantum  yield  of  photosynthesis,  natural  populations  show  only  weak  or  inconclusive  effects.  Further  analysis 
of  the  data  from  Biowatt-II,  a  seasonal  study  in  the  NW  Atlantic  in  1987,  suggests  two  things.  First,  the  phytoplankton  absorptirm 
coefficient  changes  as  a  function  of  chlorophyll  a,  although  photoprotectant  accessory  pigments  are  important  in  summer.  Second, 
with  the  exception  of  one  cruise,  the  data  suggest  that  an  estimat^  maximum  quantum  yield  varies  by  less  than  20%.  Resolution 
of  the  issue  of  a  nutrient  effect  may  come  with  detailed  measurements  in  a  tropical  region,  in  an  ocean  province  without  seasonally 
varying  irradiance  but  having  a  strong  seasonal  signal  in  nuuient  concentrations. 

1.  INTRODUCTION 

We  review  here  the  available  information  and  data  pertaining  to  the  subject  of  a  nuurient  effect  on  the  bio-optical  properties  of  {rfiy- 
tc^lankton.  Such  a  review  combines  bio-optics  with  a  central  question  in  biological  oceanography,  namely,  the  nature  and  extent 
of  nutrient  limitation  in  the  sea.  It  remains  an  open  question  whether  nutrient  supply  limits  physiological  function,  that  is,  rate  {no- 
cesses,  or  whether  nutrient  supply  standing  crops.  Falkowski  et  al.’  have  argued  that  nutrient  limitation  affects  physiological  rates 
in  the  ocean  rather  than  standing  crop,  while  the  alternate  view  has  been  taken,  for  example,  by  Goldman.^  In  this  sense,  the  bio- 
optical  prqjerties  of  phytoplankton  may  serve  not  only  as  a  diagnostic  for  nutrient  limitation,  but  contribute  to  the  conceptual  basis 
for  how  planktonic  ecosystems  function. 

Cullen  et  al.^  compiled  a  review  of  several  laboratory  studies  for  this  problem  for  the  most  recent  Brookhaven  symimsium,^  the 
conclusion  being  that  the  evidence  for  nutrient  effects  on  P(l)  {larameters  is  equivocal.  Here  we  focus  on  at-sea  investigations,  how¬ 
ever  relying  on  laboratory  research  for  initial  guidance.  While  data  collected  at  sea  will  be  more  difficult  to  interpret,  that  data  will 
have  the  value  of  re|)resenting  the  conditions  and  activities  of  {x>pulations  found  in  nature. 

For  the  purposes  here,  the  bio-qitical  properties  we  consider  are  absorption  and  quantum  yield.  These  are  im()ortant  because  they 
are  directly  linked  to  photosynthetic  production,  and  are  therefore  critical  to  phytoplankton  growth.  For  example,  phenomenologi¬ 
cally,  photosynthesis  can  be  expressed  as  the  product  of  absorption  and  quantum  yield,  as  in 

P  =  4>aph-E.  (1) 

where  P  is  the  rate  of  photosynthesis  expressed  either  as  carbon  uptake  or  oxygen  evolution  pa  unit  time,  (|)  is  the  quantum  yield 
(mols  C  or  mols  O2  per  mols  photon),  aph  is  the  phytoplankton  absorption  coefficient  (m'*)  and  E  is  the  inadiaiKe  (mols  quanta 
m'^  s'*).  Another,  com|x>site,  {tarameter  that  has  assumed  importance  is  the  changing  rate  of  photosynthesis  as  a  function  of  low 
values  of  inadiance,  represent^  by  a,  that  is,  the  slope  of  the  photosynthesis-irradiance  [P(E)]  relationship  where  E  is  less  than 
that  which  produces  the  maximum  rate.  The  variable  a  is  in  units  of  (mg  C  m'^  h''(|imols  quanta  m'^  s'*)'*].  It  can  be  shown  that 

a=  <)>ni«aph,  (2) 

where  (|>max  maximum  photosynthetic  quantum  yield.  Many  of  the  studies  considered  below  measure  a  by  placing  sub-sam- 
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pies  of  water  in  a  specialized  incubator  and  measuring  the  rate  of  photosynthesis  at  several  inadiances.  Usually,  aph  is  ncHmalized 
to  chlorophyll,  and  designated  a*p),,  in  which  case  a  is  expressed  as  a^,  also  denoting  a  normalization  to  chlnophyU  biomass.  Most 
of  the  implied  effect  of  nutrients  is  on  the  quantum  yield  of  photosynthesis,  and  most  of  the  studies  involve  variability  in  ol 

2.  A  BRIEF  LOOK  AT  LABORATORY  INVESTIGATIONS 

Although  we  focus  on  data  from  at-sea  investigations,  laboratory  studies  can  identify  important  biochemical  or  physiological  mech¬ 
anisms.  It  is  another  question  as  to  whether  those  mechanisms  operate  in  the  environment,  or  wheth^  they  occur  to  the  exclusion 
of  other,  ecological,  forces  on  natural  populations.  The  assumption  in  applying  laboratory  results  in  the  ocean  is  that  the  phy¬ 
toplankton  exhibit  a  community  response  to  environmenttal  change  miK:h  tike  the  physiological  response  by  laboratory  cultivated 
forms;  an  assumption,  it  can  be  argued,  difficult  to  accept. 

What  these  laboratory  investigations  have  found  is  that  nutfient  limitation  can  affect  both  quantum  yield  and  the  absorption  coeffi¬ 
cient  by  pigments.  The  one  effect  of  nutrients  on  quantum  yield  (where  it  has  been  calculated)  is  that  maximum  quantum  yields 
decline  with  nutrient  starvation.^'^  In  contrast,  nutrient-limited  growth  in  the  laboratory  produces  an  increase  in  absorption.^*^  A 
mechanism  for  the  increase  in  absorption  was  offered  by  Herzig  and  Falkowski^  whereby  an  increase  in  a*p|,  is  associated  with  an 
increase  in  the  quantity  of  accessory  pigments,  carotenoids,  and  chlorophyll  Increases  in  absorption  may  be  complicated,  how¬ 
ever,  by  the  so-called  'package  effect,'  a  phenomena  representing  a  decrease  in  pigment-specific  absorption  resulting  from  self¬ 
shading  by  the  chloroplasts. 

In  summary,  we  can  identify  two  effects  of  nutrient  limited  growth  on  the  bio-t^tical  properties  of  phytoplankton,  an  increase  in 
pigment-specific  absorption,  and  a  decline  in  the  maximum  quantum  yield.  In  field  investigations,  these  two  parameters  are  not 
often  measured.  Instead,  a  has  been  used  as  the  diagnostic  for  photosynthetic  efficiencies.  In  their  review,  Cullen  et  al.^  found  that 
in  continuous  culture,  a  was  constant  over  a  range  of  nutrient  limited  growth  rates.  (Pn,ax  shiyed  constant  or  increased  in  these  same 
experiments.)  is  a  composite  property,  as  equation  (2)  shows.  Thus,  while  (|>m„  niight  decrease  under  nutrient  limitation,  it  may 
be  offset  by  increases  in  absorption.  In  the  following,  we  review  the  major  field  studies  which  have  estimated  <!>„,,,  either  through 
measurements  of  a®  and  absorption  (equation  2),  or  through  measurements  based  on  fluorescence. 

3.  THE  EFFECT  OF  NUTRIENTS  ON  QUANTUM  YIELD 


3.1  The  Springtime  Sargasso  Sea 

One  of  the  earliest  studies  to  detect  an  effect  of  nutrient  concentration  on  the  quantum  yield  was  by  Cleveland  et  al.^'  This  was  a 
study  in  the  N.  Sargasso  Sea  during  and  after  the  spring  phytoplankton  bloom.  Cleveland  et  al.  were  able  to  compare  conditions  just 
as  the  water  column  was  stratifying  seasonally,'^'  "  and  again  afterwards.  They  determined  a^,  and  measured  phytoplankton  ab¬ 
sorption,'^  computing  the  maximum  quantum  yields.  They  concluded  that  there  was  no  relationship  between  i|i^„  and  concentra¬ 
tions  of  nitrate  and  ammonium.  However,  when  plotted  against  "distance  from  the  nitracline"  (a  representation  for  the  nitrate  flux 
into  the  surface  zone)  (Fig.  1),  the  data  suggested  a  negative  relationship:  greater  distance  from  the  source  of  nutrients  gave  a  lower 
value  for 

The  equation  for  the  curve  shown  in  Fig.  1  was  given  in  the  paper  as 

=  0.0873  -  0.00050  (3) 

(where  we  have  corrected  an  error  in  the  published  equation).  Equation  (3)  and  inspection  of  Fig.  1  shows  the  relationship  to  be  not 
suong.  For  the  equation,  <!>„,„  will  decrease  by  a  factor  which  is  two  orders  of  magnitude  less  than  the  maximum  value,  and  by  a 
depth  (in  the  exponent)  reduced  to  one  tenth.  That  is,  the  distance  from  the  niuacline  has  to  increase  to  SO  m  to  see  a  decline  in  ^ 
of  the  order  of  50%.  At  52  m,  declines  to  zero.  The  equation  was  meant  only  to  demonstrate  the  effect  of  nutrients  on  4>ntax> 
and  is  not  recommended  in  practice,  for  example,  to  possibly  write  a  modification  to  equation  (1)  for  the  effect  of  nutrients  on  pro¬ 
duction.  Another  difficulty  in  using  such  parameterizations  in  modifications  to  equation  (1)  is  that  distance  to  the  nitracline  may  be 
difficult  to  estimate. 
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0  10  ao  ao  40  so 

Distance  from  the  nitracline  (m) 

ng.  1.  Maximum  quanhim  yield  as  a  function  of  distance  to  the  nitracline  of  the  sanqrle,  adapted  from 

ref.  9.  The  line  is  equation  (3)  in  the  text. 


3  JS.  The  Gulf  of  Maine,  and  an  Eddy  Ncai  Hawaii 

Soon  after  the  Cleveland  et  al.^  work  appeared,  Kolber  et  al.*^  examined  flumescent  properties  in  phytoplankton  alotig  a  nutrient 
gradient  in  the  Gulf  of  Maine.  The  fluorescent  properties  are  based  on  the  fast-repetition-rate  fluorescence  technique  pioneered  in 
the  ocean  by  these  investigators.  Two  fluorescent  properties  are  measured,  one  is  the  variable  fluorescence  and  designated 
and  the  other  is  a  measure  of  the  absorption  coefficient,  is  ptopcMtional  to  the  quantum  yield  for  photosynthesis.  Thus,althoit^ 

they  are  proxy  measures,  they  correspond  to  the  needed  quantities  in  equation  (1).  As  in  Cleveland  et  al.’  the  distribution  of  variable 
fluorescence  has  a  weak  relationship  to  the  depth  of  the  nitricline.  The  correlation  coefliciem  determined  for  the  data,  0.63,  suggests 
a  significant  relationship,  but  implies  that  40%  of  the  variation  in  the  fluorescence  parameter  is  caused  by  the  sup|dy  of  nutrients 
(again  parameterized  as  the  distance  to  the  nitricline). 

Stronger  evidence  for  the  fluorescence  technique  is  presented  in  Falkowski  et  al.  using  the  same  parameter,  At  one  station 
in  an  oceanic  eddy,  chlorophyll-specific  primary  pr^uction  and  variable  fluorescence  are  enhanced  by  50%.  Other  data  reponed 
from  this  cruise,  however,  may  not  support  the  conclusion  diat  nutrients  (niuate)  strongly  affect  photos}mthetic  efficiency.  Olaixola 
etal.'^  use  pigment  data  to  show  qiecies  changes  between  the  inside  and  the  outsider^  the  eddy,  an  important  factor  in  detenruning 
growth  rates  using  variable  fluorescence.*^  The  maximum  in  productivity  and  pigment  biomass  for  the  r^on  of  the  eddy  was  not 
in  the  eddy  itself,  but  outside,  and  estimated  by  the  authors  to  be  in  the  eddy’s  "wake."*^  Unfortunately,  no  variable  fluorescence 
data  are  reported  for  this  station.  One  piece  of  evidence  that  helps  the  case  is  that  the  deep  chlorophyll  maximum  in  the  tropical 
ocean  almost  certainly  exists  through  photoadiqitation  to  low  irradiance,  and  not  from  an  increase  in  biomass.  Thus  the  pigment 
increase  within  the  eddy  means  thm  a  phytoplankton  cartxm  increase  would  be  greater  than  an  increase  in  pigment  alone,  because 
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of  the  response  to  higher  irradiances.  It  would  also  mean  that  the  phytoplankton  in  the  station  in  the  wake  of  the  eddy  would  have 
a  higher  carbonxhlorophyll  ratio  than  is  usual  in  the  deep  chlorophyll  maximum  of  oligotrophic  regions.  Unfortunately,  no  partic¬ 
ulate  carbon  analyses  are  reported  for  this  interesting  data  set 

In  summary,  the  two  flrst  studies  discussed  show  only  a  weak  dependence  of  nutrients  on  This  might  mean  that  there  is  no 
appreciable  physiological  effect,  or  that  our  means  of  gauging  nuuient  limitation  in  the  marine  environment  is  inadequate  if  not 
wrong.  The  studies  of  the  eddy*'*'^^  make  a  stronger  case,  yet  here  too  there  are  uncertainties  that  result  in  less  than  compelling 
evidence . 

3.3.  The  Spring  Bloom  in  the  Northwest  Atlantic  Ocean 

Platt  et  al.‘^  determined  for  phytoplankton  populations  during  and  after  the  spring  bloom  in  the  Nmth  Atlantic,  and  found  that 
increased  by  a  factor  of  two  (0.012  to  0.02S)  with  nitrate  concentration  over  the  range  of  0.2-2.0  |xM.  Because  phytoplankton 
abswption  is  negatively  correlated  with  biomass  (chl(»ophyll),  and  because  its  relationship  with  and  (equation  (2)),  they 
conclude  that  the  increase  in  with  increase  in  nitrate  must  have  been  caused  by  a  change  in  the  maximum  quantum  yield  rather 
than  absorption. 

A  span  of  0-2  is  the  entire  seasonal  range  of  nitrate  in  the  western  North  Atlantic.  It  is  not  clear  that  we  can  extrsqrolate  these 
results  to  other  regions  with  higher  nitrate  values.  For  the  equatorial  Pacific,*^  a^’s  are  as  low  as  that  measured  by  Platt  et  al.,’^ 
in  the  range  of  0.02,  but  occur  in  water  with  much  higher  nitrate  concentrations  (4-8  4M  NO3).  Suidies  in  the  Antarctic  also  show 
tjmical  values  of  but  with  an  order  of  magnitude  greater  nitrate  concentrations.  In  a  warm-core  ring.  Dower  and  Lucas^^  tqx)rt 
a”  values  ranging  from  0.04-0.10  for  nitrate  concentrations  of  1-2  pM  (and  with  no  discernible  relationship).  In  the  eastern  North 
Atlantic,  a^'s  are  also  high  (0.02-0.06)  for  nitrate  concentrations  ranging  from  3-6  [There  is  a  question  about  these  latter 
data  since  the  P(E)  parameters  were  determined  from  in  situ  ^^C-based  production  ra^r  than  in  the  usual  manner,  and  it  is  possible 
that  the  statistical  method  used  affected  the  outcome.]  For  the  data  in  the  equatorial  Pacific  and  Antarctic,  there  is  of  course  the 
possibility  of  limitation  from  other  nutrients,  such  as  iron.^*  All  in  all,  however,  it  is  dificult  to  know  what  to  conclude  from  these 
considerations  of  a®.  Platt  et  al.*^  seem  to  have  found  a  relationship  that  has  statistical  validity,  however,  it  is  not  possible  to  ex¬ 
trapolate  beyond  the  region  in  which  they  conducted  their  measurements.  These  data  are  further  examined  below. 

4.THEBlQWATr-IIDATA 

A  data  set  useful  to  this  analysis  is  from  the  Biowatt-II  experiment  in  1987.  Biowatt-II  consisted  of  four  cruises  from  early  qrring 
to  late  fall  (March,  May,  August,  and  December),  and  encompassed  a  range  of  nuuient  conditions,  euphotic  depths,  etc.  Absorrxion 
measurements  are  reported  in  Morrow  et  al.^  and  Chamberlin,^  pigment  measurements  using  HPLC  have  been  reported,^^  and 
well  as  measurements  of  carbon  assimilation  via  the  ‘'’C  technique.^'*  Mary  Jane  Perry  conducted  a  program  of  P(E)  measurements, 
and  Ray  Smith  did  BOPS  profiles  for  spectral  irtadiance  measurements.  Thus,  the  data  can  be  used  to  evaluate  a  variety  of  bio- 
optical  properties,  and  their  environmental  determinants. 

4.1.  PhotorrrotectanLs  and  Absorption  coefficient 

We  consider  first  the  effects  of  nutrients  on  absorption  coefficient,  aph-  Recall  that  an  increase  in  absorption  accompanied  nitrate- 
limited  growth  in  the  laboratory,  and  that  increased  absorption  could  hs  related  to  the  cellular  production  of  accessory  pigments.* 
However,  when  phytoplankton  experience  more  irradiance,  one  adaptive  response  is  to  produce  photoprotective  {Hgments  to  chan¬ 
nel  away  excess  irradiance.^ 
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Fig.  2.  Photoprotectant  pigments  (allo=alloxanthin.  zea=zeathanthin,  diadino=diadinoxanihin) 
as  a  proportion  of  chlorophyll  a  (chi)  for  the  four  Biowatt-ll  cruises  as  a  function  of  depth. 

(A  plot  as  a  function  of  irradiance  looks  the  same.) 

For  the  spring  and  summer  cruises  in  Biowatt-II,  the  photoprotective  pigments  alloxanthin,  zeaxanthin,  and  diadinoxanthin  become 
a  greater  proportion  of  the  chlorophyll  pigment  biomass  than  for  the  winter  cruises  and  especially  for  August  (Fig.  2).  However, 
the  primary  agent  of  absorption  remains  chl(»ophyll  g,  being  correlated  with  absorption  coefficiem  (Fg  3a).  Overall,  72%  of  the 
seasonal  and  depth  variation  in  api,  can  be  explained  as  a  variation  in  chlorophyll  g.  The  x-axis  intercept  can  be  interpreted  as  that 
absMption  from  accessory  pigments.  Thus  they  become  impotant  near  the  surface  in  the  summer  (with  high  light  and  low  chloro¬ 
phyll  values),  as  indicated  by  the  data  points  from  May  and  August,  and  less  important  to  absorption  elsewhere.  Deviations  at  higher 
values  of  chlorophyll  also  support  the  idea  of  other  pigments  participating  in  absorption  in  summer,  the  outliers  below  (greater  ab¬ 
sorption  per  nit  chlorophyll)  are  from  May  and  August,  and  those  atove  are  from  March  and  December.  During  the  summer,  pho¬ 
toprotectants  are  responsible  for  about  40%  of  absorpiion.^^  Although  we  haven’t  spectrally-weighted  the  absorption  coefficients, 
the  data  from  May  and  August  show  higher  values  and  with  appreciable  quantities  of  photoprotectants  (Fig.  3b). 

At  least  two  conclusions  can  be  drawn.  First,  whatever  drives  the  change  in  chlorophyll  g  also,  to  some  degree,  drives  the  changes 
in  the  absorption  coefficient.  Conformity  of  the  vertical  distribions  of  ap),  and  chlorophyll  g  for  the  Biowatt-II  data  has  been  previ¬ 
ously  noted.^  Second,  photoprotectanis  do  not  strongly  contribute  to  the  variation  in  absorption  during  summer,  although  they  are 
significant.  While  summer  is  a  period  of  low  nutrients,  the  change  in  pigment  composition  could  be  as  easily  ascribed  to  increases 
in  irradiance.  Similarly,  the  change  in  absorption  may  be  from  a  reduced  package  effect  in  optically  clear  waters,^  that  is,  a  primary 
influence  by  irradiance. 
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Fig.  3.  Biowatt-n,  1987.  (a)  Chloroi^yll  a  as  a  function  of  the  absorption  ocefRcient  (b)  Chknophyll-specifk  absoip- 
tion  [m^  (mg  chi  a)'M  plotted  against  the  quantity  of  phoioprotectant  pigments  (see.  Fig.  2).  Ciicles=Maidi  cruise, 
squares=May,  crDSses= August,  and  diamonds^December. 
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The  P(E)  experiments  in  Biowatt-II  used  a  bfX)ad-band  blue  filter.  Tfie  data  are  from  a  variety  of  depths,  although  for  the  summer 
cruises,  samples  were  more  likely  taken  from  deeper  in  the  water  column,  in  the  vicinity  of  the  chlott^yll  maximum,  or  in  the 
bottom  half  of  the  euphotic  zone.  The  first  thing  to  note  about  these  estimates  of  is  their  variability  within  cruises  (Fig.  4).  We 
have  tried  to  analyze  for  the  variability  that  can  be  measured,  and  conclude  that  it  is  probably  caused  in  the  method.  For  example, 
an  ANOV  A  of  these  data  shows  that  there  is  no  clear  variability  in  with  time  of  year,  time  of  day,  or  depth  in  the  water  column. 
The  variance  instead  must  come  from  the  procedure,  such  as  between  sample  variability  (because  of  the  small  sample  size),  the 
difficulty  in  measuring  small  signals  (both  in  irradiance  and  upt^e),  and  the  possibility  of  a  spectral  dependence  on  the  value  de¬ 
termined.^  The  methods  used  in  Biowau-Il  are  the  same  or  similar  to  those  used  by  other  investigators,  and  to  the  extent  that  they 
can  be  intercompared,  the  high  measurement  variability  noted  on  two  of  the  Biowatt  cruises,  may  mean  that  changes  in  quantum 
yield  might  possibly  be  incorrectly  interpreted.  Other  studies^^*^^  failed  to  find  an  environmental  factor,  or  suite  of  factors,  to  ex¬ 
plain  the  variability  seen  in 

For  Biowatt-11,  we  had  previously  assumed  a  constant  (O.OSS  mols  C  (mols  photons'*)]  in  an  analysis  of  the  seasonal  cycle  of 
production  obtained  from  the  moored  sensors.^  We  can  also  derive  an  independent  estimate  of  using  the  determined  from 
the  P(E)  data  and  the  absorption  data^^*^^  (using  equation  (2)),  and  therefore  check  for  the  internal  consistency  of  the  Biowatt-ll 
data.  The  estimates  of  ^(0  measurements  agree  for  the  most  part  with  the  assumed  value,  with  August  being  the 

exception.  Nevertheless,  the  comparison  gives  some  support  to  the  use  of  a  constant 

Overall,  for  the  Biowatt-Il  data,  the  clearest  differences  among  the  cruises  can  be  explained  through  seasonal  changes  in  irradiance. 
Nuuient  supply  may  set  the  optical  clarity  of  the  water  (a  standing  crop  effect),  and  the  phytoplankton  community  responds  to  this 
with  differing  populations,  with  different  mixes  of  absorption,  with  phoioprotective  pigments,  and  (perhaps)  changes  in  spectral 
efficiencies.  There  is  no  clear  relationship  among  these  with  nutrients,  although  in  August,  the  nitrate  concentration  was  clearly  at 
minimum,  the  nilracline  at  its  deepest,  and  at  a  seasonal  minimum.  To  put  the  Biowatt-ll  data  in  a  larger  context,  in  Fig.  S  are 
plotted  data  from  four  investigations  in  the  Northwest  Atlantic,  the  before-mentioned  works,^  *^  data  from  Lewis  et  al.,^  as  well 
as  the  Biowatt-II  data.  Although  by  eye  there  appears  to  be  a  positive  relationship,  considering  all  the  data,  the  correlation  is  not 
significant  (t-test). 


5.  CONCLUSIONS 

We  believe  that  the  data  are  as  yet  inconclusive  in  regard  to  an  effect  of  nu^icnis  on  the  bio-optical  properties  of  phytoplankton. 
Published  data  show  tantalizing  trends,  but  with  one  exception,'^  have  little  statistical  validity.  The  Biowatt-ll  data  do  not  bear  out 
the  findings  of  laboratory  investigations,  although  on  one  cruise  (August),  a  possible  effect  may  have  been  indicated.  The  August 
exception  warrants  further  measurements.  Overall,  the  Biowatt-II  data  support  the  idea  of  only  small  changes  in  photosyiuhetk  ef¬ 
ficiency  on  the  seasonal  time  scale,  but  how  this  is  achieved  remains  unknown.  The  weight  of  evidence  points  to  the  importance  of 
responses  induced  by  irradiance.  We  may  hypothesize,  therefore  that  nu^ient  supply  sets  the  biomass  (and  therefore  the  optical  clar¬ 
ity).  and  irradiance  governs  the  physiological  rates. 

Seasonally,  nutrients  and  irradiance  changes  confound  one  another,  or  at  least  change  in  opposition,  and  the  Northwest  Atlantic  is 
but  one  example  of  this.  One  region  where  the  problem  of  a  nutrient  effect  on  bio-optical  properties  could  be  addressed  is  in  an  area 
such  as  the  Arabian  Sea.  There,  at  a  tropical  latitude,  solar  irradiance  changes  only  with  cloud  cover.  Concentrations  of  nutrients  in 
the  surface  layer  change  dramatically,  mixed  up  or  not  with  the  twice-per-year  monsoons. 
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Fig.  4.  Values  of  measunsd  on  the  four  Biowatt-D  cruises  in  March  (Days  65,67).  May  (138,140X 
August  (233,^5)  and  Det^mber  (321). 


Table  1:  Biowatt-II  data  (mean  ±  stdev).  Units  are  those  given  in  Section  1. 


Ouise 

Date 

a*ph 

^max 

1 

6  March 

0.018  ±0.004 

0.007 1 .001 

0.058 

8  March 

0.024  10.028 

0.0091.001 

0.059 

2 

18  May 

0.01910.020 

0.0111.006 

0.040 

20  May 

0.033  1  0.021 

0.0141  .005 

0.054 

3 

21  August 

0.009  1  0.003 

0.0131  .004 

0.016 

23  August 

0.01310.005 

0.0121.002 

0.025 

4 

1  December 

0.01610.004 

0.0091.001 

0.041 
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Fig.  S.  Values  from  the  NW  Ad.  Squares=Biowatt’  crossessspring  bloom'^,  circles^Biowan-lI, 
and  diamonds=Sargasso  Sea^  Enor  ban  are  std.  dev.  Biowatt-D  values  differ  from  Table  1  in  that 
there  are  not  nutrimt  data  for  all  a  data. 
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ABSTRACT 

We  have  developed  a  Bio-optical  Profile  Model  which  attempts  to  predict  the  vertical  distribution  of  chlorophyll 
and  the  coefficients  for  diffuse  downweiling  irradiance  attenuation  and  bem  attenuation  from  measurements  at  the  sea 
surface.  In  this  paper  we  test  the  ability  of  this  model  to  "fit"  the  vertical  profiles  measured  at  1 17  sutions  in  the  North 
Atlantic.  The  stations  range  as  far  north  as  60^  N  latitude  and  as  far  south  at  26^  N  latitude.  In  general  predicted  values  for 
the  vertical  distribution  of  chlorophyll  and  the  beam  attenuation  coefficient  fall  within  about  3S%  of  measured  values.  In 
order  to  understand  the  pattern  of  distribution  for  the  7  tuning  coefficients,  we  have  calculated  the  principle  components  for 
the  7  X  1 17  matrix  of  "best-fit"  values  for  the  tuning  coefficients.  Such  a  calculation  indicated  that  covariance  among  the  7 
tuning  coefficients  was  limited.  It  also  indicated  that  variation  in  the  scores  for  the  dominant  principle  components  were 
strongly  dependent  on  the  temperature  at  the  sea  surface  and  weakly  dqiendent  upon  the  concentration  of  chlorophyll  at  the 
sea  surface.  Finally,  the  relationship  between  the  scores  of  principle  components  and  the  temperature-chlorophyll  axes  may 
provide  a  means  of  extrqmladng  the  Bio-optical  Profile  Model  in  time  and  space. 

1.  INTRODUCTION 

Satellite  ocean  color  imagery  provides  detailed  yet  comprehensive  information  on  spectral  reflectance  at  the  sea 
surface.  In  order  to  extract  information  about  the  bioKiptical  properties  of  the  ocean  from  such  imagery,  we  have  developed 
a  system  of  equations  that  predicts  the  vertical  distribution  of  bio-optical  pnqierties  from  surfKe  information.  In  particular 
our  model  is  designed  to  predict  the  vertical  distribution  of  chlorophyll  a,  the  beam  attenuation  coefficient,  and  the  diffuse 
attenuation  coefficient.  This  Bio-optical  Profile  Model,  which  is  a  one  dimensional  description  of  the  water  column  at  a 
given  location  and  time,  has  been  recently  described  (Ondercin,  Atkinson,  and  Kiefer,  1994),  and  it  was  tested  during  a 
single  cruise  in  the  northern  waten  of  the  North  Atl'intic.  This  test  suggested  to  us  that  tbe  coefficients  found  within  the 
system  of  equations  that  form  the  model  may  vary  with  locale  and  that  we  needed  to  study  the  variability  of  these 
coefficients  and  then  to  develop  a  strategy  to  predict  variability  so  that  mote  accurate  and  realistic  three  dimensional  maps 
can  be  produced  from  satellite  imagery.  This  paper  describes  our  initial  study  of  the  problem  and  our  approach  to  predicting 
variability  in  the  coefficients  of  equations  that  describe  bio-optical  relationships. 

2.  STRATEGY  FOR  PRODUCING  3  DIMENSIONAL  BIO-OPTICAL  MAPS  FROM  IMAGERY 

Our  strategy  for  producing  3  dimensional,  bio-optical  maps  form  satellite  ocean  color  imagery  is  outlined  in  figure 
I.  As  indicated,  the  production  of  such  maps  requires  4  types  of  information:  (I.)  remotely  sensed  information  about  the 
sea  surface,  surface  chlorophyll  (CZCS),  surface  temperature  (AVHRR),  and  surface  irradiance  (GOES)  (2.)  daubases  on 
the  depth  of  the  surface  mixed  layer  (Levitus,  1982).  Other  databases  can  also  supply  useful  information  such  as  the 
concentration  of  nitrate  in  upper  waters  (Glover  and  Brewer,  1988)  and  monthly  averaged  irradiance  at  the  sea  surface 
(Bunker  Atlas)  (3.)  the  Bio-optical  Profile  Model  which  predicts  the  vertical  distribution  of  bio-optical  properties  at  a 
given  site  (4.)  a  horizontal  interpolation  and  extrapolation  model  which  is  used  to  predict  variations  in  time  and  horizontal 
space  of  the  value  for  the  coefficients  found  in  the  Bio-optical  Profile  Model. 
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Figure  1.  The  components  and  flow  of  information  that  we  propose  to  use  in  the  mailing  of  bio-opdcal  properties  from 
satellite  ocean  color  imagery. 

'n  order  to  understand  the  magnitude  and  distribution  of  variaUlity  of  the  coefflcienis  found  in  the  equations  of  the 
Profile  Model,  the  model  must  be  tuned  to  measured  profiles.  Furthermore,  to  produce  Basin  scale  and  Global  Maps  the 
daubase  used  to  tune  the  model  must  be  large  and  diverse.  The  tuning  process  involves  calculating  the  values  of  the 
variable  coefficients  (hereafter  called  tuning  coefficients),  such  that  the  model  calculation  yields  a  best  fit  of  predicted 
values  for  chlorophyll  and  beam  attenuation  to  the  measured  values  at  each  station  in  the  database.  The  4  arrows  linking 
"nonlinear  programming  algorithm",  "model  coefficients",  "Bio-optical  Profile  Model”,  and  "Measured  Bio-optical  Profiles" 
symbolizes  the  tuning  process.  Finally,  the  matrix  of  optimized  values  for  the  tuning  coefficients  at  each  station  must  be 
incorporated  into  a  "horizontal  (2  dimensional)  extrapolation  function"  that  will  provide  values  for  the  tuning  coefficients  at 
locations  and  at  times  that  differ  6om  those  of  the  database. 

3.  GENERAL  DESCRIPTION  OF  THE  BIO-OPTICAL  PROFILE  MODEL 

The  Bio-optical  Profile  Model  is  based  upon  three  previous  studies  by  Kiefer  and  Kremer  (1981),  Kiefer  and  Mitchell 
(1983),  and  Pak,  Kiefer,  and  Kitchen  (1988).  The  model  is  a  description  of  the  vertical  distribution  of  the  concentration, 
growth  rate,  and  optical  properties  of  phytoplankton  and  associated  biogenous  materials.  The  model  is  based  upon  a  single 
element,  that  which  is  most  limiting  to  the  growth  rate  of  the  phytoplankton.  In  the  north  Atlantic  this  element  is  most 
likely  nitrogen.  The  independent  variables  or  inputs  to  the  model  are  the  sea  surface  values  for  scalar  irradiance.  the 
concentration  of  dissolved  nitrogen  (the  sum  of  concentrations  for  ammonium,  nitrate,  and  nitrite  ),  the  concentration  of 
chlorophyll  a  at  the  sea  surface,  the  temperature  at  the  sea  surface,  and  the  depth  of  the  surface  mixed  layer.  This 
information  provides  a  unique  description  of  the  vertical  distributions  for  chlorophyll  a,  cellular  nitrogen,  the  beam 
attenuation  coefficient ,  and  the  scalar  irradiance  for  photosynthetically  active  radiation. 

The  model  consists  of  a  system  of  equations  that  describe  several  types  of  relationships.  One  set  of  equations 
describes  the  relationship  between  the  concentration  of  phytoplankton  and  detritus  and  the  value  of  the  diffuse  and  beam 
attenuation  coefficients.  Another  set  of  equations  describes  the  relationship  between  the  ratio  of  phytoplanktonic  cellular 
chlorophyll  to  cellular  nitrogen  and  the  conditions  that  determine  the  growth  rate  of  the  cells.  The  conditions  that  determine 
growth  rate  include  temperature,  light  intensity,  and  nutrient  concentration.  The  chlorophyll  to  nitrogen  ratio  of 
phytoplankton  increases  with  decreases  in  light  level  and  with  increases  in  temperature  and  nutrient  concentration.  A  third 
set  of  equations  describes  the  relationships  between  the  growth  conditions  of  the  phytoplankton,  the  vertical  stability  of  the 
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water  column,  and  the  vertical  distribution  of  light.  The  weakest  assumption  of  the  model  is  that  within  the  euphotic  zone 
the  concentration  of  phytoplanktonic  nitrogen  is  invariant  with  depth. 

4.  DESCRIPTION  OF  THE  DATABASE 

The  1 1 7  stations  that  form  our  database  were  sampled  during  4  cruises  conducted  by  the  Applied  Physics 
Laboratory,  Johns  Hopkins  (Figure  2).  In  order  to  characterize  the  spatial  structure  of  the  upper  ocean,  APL  designed  and 
built  a  towed  vessel,  called  the  paravane,  upon  which  were  mounted  a  number  of  oceanographic  sensors.  The  system 
profiles  rapidly  ( 1  m/s)  to  a  depth  of  140  m  as  the  research  vessel  transits  at  speeds  of  between  2  to  5  m/s.  The  paravane 
acts  much  like  an  airplane  in  the  water.  The  small  vane  on  the  underside  of  the  vehicle  moves  back  and  forth,  causing  the 
vehicle  to  roll.  With  a  fixed  cable  length,  vehicle  roll  changes  the  direction  of  the  wings'  dynamic  lift,  causing  the  vehicle 
to  rise  as  it  moves  perpendicular  to  the  ship's  course.  The  vane  angle,  and  therefore  the  profiling  characteristics  of  the 
vehicle,  is  controlled  by  a  topside  HP-9816  computer  and  a  vehicle-mounted  microprocessor.  The  instruments  mounted  on 
the  paravane  are  Sea-Bird  temperature  and  conductivity  sensors,  a  Parascientific  pressure  transducer,  a  fluorometer,  and  a 
transmissometer  (spectrally  filtered  at  490  nm,  with  a  FWHM  of  ISO  nm).  Both  the  fluorometer  and  spectrophotometer 
were  built  by  APL.  In  addition  to  the  paravane,  a  rosette  vertical  profiler  was  built  to  provide  high  resolution  vertical 
profile  data  and  water  and  plankton  samples.  The  vertical  profiler  not  only  measures  the  same  parameters  as  the  paravane, 
but  also  provides  water  samples  from  5  liter  Niskin  bottles.  These  water  samples  were  used  to  calibrate  sensors. 

All  of  the  data  from  the  two  systems  were  collected  at  12-Hz,  calibration  factors  applied  and  the  data  averaged  to  1- 
s  intervals.  The  data  from  a  paravane  tow  were  divided  into  sections,  with  each  section  equal  to  one  paravane  undulation. 
Tmeters  bins.hese  sections  were  averaged  into  1-m  depth  bins  and  stored  in  an  array,  with  each  row  representing  1-m  depth 
and  each  column  representing  one  paravane  undulation.  In  order  to  reduce  the  variance  and  the  size  of  the  data  set  without 
giving  up  too  much  vertical  resolution,  the  paravane  data  was  vertically  averaged  and  binned  over  five  meters  and  over  five 
paravane  oscillations  (about  5  km)  horizontally.  To  insure  statistical  independence  between  paravane  oscillations,  only 
oscillations  that  were  nominally  50  km  apart  were  used  in  the  model  development.  A  profile  from  a  vertical  profiler  cast 
was  obtained  by  averaging  the  data  into  1-m  depth  bins.  The  vertical  profiler  data  were  also  vertically  averaged  and 
subsampled  over  five 

Datasets  from  four  different  cruises  in  the  North  Atlantic  were  combined  into  one  to  form  the  database  used  in  the 
tuning  of  the  model.  The  datasets  included  vertical  profiler  data  obtained  in  August  1987  in  the  Sargasso  Sea  (within  100 
km  of  34°N  70°W)  as  part  of  the  ONR  special  focus  program  BIOWATT;  vertical  profiler  data  obtained  in  March  1989 
during  a  transect  from  the  Canary  Islands  to  Florida;  paravane  data  obtained  in  August  1989  on  a  survey  cruise  between 
North  Carolina  and  the  Azores;  and  paravane  data  obtained  in  August  1991  during  a  transect  from  Ireland  to  60°N  20°W 
and  then  to  the  Grand  Banks  as  part  of  the  ONR  special  focus  program  MLML.  The  fluorometer  was  calibrated  by  plotting 
measured  voltages  as  a  function  of  the  concentration  of  chlorophyll  a  obtained  from  a  water  sample  collected  at  the  time  of 
measurement.  In  turn  the  chlorophyll  a  in  the  water  sample  was  measured  by  filtering  the  sample,  extracting  the  pigments 
in  acetone,  and  recording  the  fluorescence  with  a  Turner  1 1 1  fluorometer  (Parsons,  Maita,  and  L^li,  1984). 

5.  TUNING  THE  MODEL 

The  tuning  process  consisted  of  searching  simultaneously  for  the  values  of  the  7  tuning  coefficients  in  the 
equations  which  would  provide  the  best-fit  between  calculated  profiles  and  measured  profiles.  Inputs  to  the  Bio-optical 
Profile  Model  include  the  concentration  of  chlorophyll  at  the  sea  surface,  which  was  measured  directly,  the  irradiance,  PAR. 
incident  to  the  sea  surface,  which  was  obtained  from  the  Bunker  Atlas,  and  the  depth  of  the  surface  mixed  layer,  which  was 
determined  from  the  measurements  of  temperature  and  salinity.  The  4  of  the  7  tuning  coefficients  of  the  model  are  found  in 
the  equations  describing  the  relationship  between  the  value  of  the  beam  attenuation  coefficient  at  499  nm  and  the  diffuse 
attenuation  coefficient  of  PAR  and  concentration  of  phytoplankton  and  detritus.  The  coefficients  are  the  beam  and 
absorption  coefficient  for  detrital  organic  nitrogen  and  the  nitrogen-specific,  beam  attenuation  coefficient  and  the 
chlorophyll-specific  absorption  coefficient  for  phytoplankton.  The  remaining  3  tuning  coefficients  are  the  maximum 
photosynthetic  quantum  yield,  the  concentration  of  dissolved  inorganic  nitrogen  in  the  surface  mixed  layer,  and  a  factor 
thatdetermines  the  rate  of  decrease  in  the  concentration  of  biogenic  nitrogen  below  the  euphotic  zone.  The  criterion  of 
"best-fit "  was  the  minimum  of  the  value  for  all  measurements  of  chlorophyll  and  the  beam  attenuation  coefficient 
collected  at  depth  z  within  the  upper  ISO  m.  of  the  water  column: 
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Figure  2.  Map  of  the  stations  used  to  tune  the  Bio-optical  Profile  Model  and  thus  used  to  calculate  optimal  values  for 
the  7  tuning  coefficients. 
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We  employed  nonlinear  programming  software  to  make  the  search  for  the  optimal  values  of  the  7  coefficients  .  The  search 
was  constrained  by  restricting  the  value  of  each  coefficient  to  fall  within  a  specified  and  reasonable  range. 

Figures  3  and  4  are  examples  of  fits  that  we  obtained  by  tuning  the  model  to  individual  stations.  Figure  3  shows 
3  pairs  of  predicted  and  measured  profiles  of  chlorophyll  and  the  beam  attenuation  coefficient  obtained  during  August  1991 
at  the  MLML  mooring  (60°  N.  20°  W).  Figure  4  shows  3  pairs  of  predicted  and  measured  profiles  obtained  d  'ring  August 
1989  in  the  western  Sargasso  Sea.  We  note  in  reference  to  the  distribution  of  chlorophyll  in  the  Sargasso  Sea  uiat  the  Bio- 
optical  Profile  Model  provides  a  fairly  good  prediction  of  the  depth  and  magnitude  of  the  subsurface  maximum  in  the 
concentration  of  chlorophyll  a.  In  figure  S  we  plot  values  (percentage)  as  a  function  of  the  latitude  and  longitude  for  ail 
1 1 7  stations.  We  note  from  this  figure  that  on  the  average  predicted  values  within  the  water  column  of  the  beam 
attenuation  coefficient  and  the  concentration  of  chlorophyll  are  generally  within  3S%  of  the  measured  values. 
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(Hgure  3.  Predicted  and  measured  profiles  of  the  concentration  of  chlorophyll  and  the  beam  attenuation  coefficient  at  three 
randomly  selected  stations  sampled  in  August  1989  in  the  western  Sargasso  Sea.  Open  symbols  are  measured  values  and 
the  corresponding  filled  symbols  are  predicted  values. 
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Figure  4.  Predicted  and  measured  profiles  of  the  concentration  of  chlorophyll  and  the  beam  attenuation  coefficient  at  three 
stations  sampled  in  August  1991  in  the  northern  North  Atlantic.  These  stations  were  near  the  MLML  mooring  at  60°  N, 
20°  W.  Open  symbols  are  measured  values  and  the  corresponding  filled  symbols  are  predicted  values. 
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Figure  S.  The  spatial  distribution  of  error  in  predicting  the  vertical  distribution  of  chlorophyll  and  the  beam  attenuation 
coefficient  for  the  1 17  tuning  stations. 

6.  PRINCIPLE  COMPONENT  ANALYSIS 

The  tuning  process  yielded  a  7  X  117  matrix  of  values  for  the  7  tuning  coefficients  at  the  1 17  sutions.  We  then 
calculated  the  7  principle  components  of  this  matrix  following  the  procedures  and  definitions  of  Cooley  and  Lohnes  (1971). 
(See  also  Estrada  and  Balasco,  1979.)  Each  principle  component  should  be  thought  of  as  a  vector  determined  by  a  set  of  7 
normalized  values  for  each  of  the  tuning  coefficients.  A  linear  combination  of  the  mean  values  for  the  7  tuning  coefficients 
with  the  scores  for  each  of  the  7  principle  components  provides  a  complete  description  of  the  7  X  117  matrix.  The 
relationship  between  the  principle  components,  the  matrix  of  tuning  coefficients,  and  scores  can  be  summarized  by  an 
equation  that  describes  the  statistics  for  each  of  the  1 17  stations: 


x{i) 

J - 

J(i)*£(» 

5(y)  is  the  score  for  principle  component  j.  (j  varies  from  I  to  7.)  In  our  case  there  are  1 17  values  for  S{j),  one  for  each 
station.  F(i,j)  is  the  factor  loading  to  parameter  i  on  principle  component  j.  x(i)  is  the  value  of  tuning  coefficient  i  at 

given  station,  and  x(i)  is  the  mean  value  of  tuning  coefficient  i  for  the  117  stations.  s(i)  is  the  standard  deviation  of 
tuning  coefficient  i  within  the  1 17  stations.  E(J)  is  the  eigenvalue  of  principle  component).  The  larger  the  eigenvalue  of 
a  given  principle  component  the  greater  is  the  contribution  of  that  component  to  variability  in  the  tuning  coefficients  of  the 
matrix. 

The  statistical  analysis  of  the  matrix  of  tuning  coefficients  indicated  to  us  that  the  tuning  coefficients  did  not 
strongly  covary.  This  assertion  is  supported  by  the  fact  that  the  elements  of  the  correlation  matrix  that  we  calculated  for  the 
tuning  coefficients  contained  low  values.  Most  elements  contained  values  close  to  0,  and  the  highest  value  was  about  0.49. 
In  addition  the  lack  of  covariation  among  the  tuning  coefficients  was  also  evident  from  the  size  of  the  eigenvalues  for  the  7 
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principle  components.  The  first  principle  component  accounted  for  46%  of  the  variability  in  the  tuning  coefficients,  the 
second  principle  component  accounted  for  22%  of  the  variability,  the  third  principle  component  accounted  for  8%.  and  the 
fourth  component  accounted  for  7%.  In  our  search  for  an  interpolation/  extrapolation  scheme  for  the  mapping  of  the  north 
Atlantic,  we  chose  to  examine  the  first  4  components. 

In  figure  6  we  have  plotted  the  scores  for  the  first  principle  component  for  all  stations  as  a  function  of  the  surface 
temperature  and  surface  concentration  of  chlorophyll  a  at  those  stations.  Before  making  such  a  plot,  we  attempted  several 
other  representation  of  the  database,  all  of  which  were  more  complex.  For  example,  plots  in  which  we  by-passed  the 
calculation  of  principle  components  and  simply  plotted  the  value  of  the  7  tuning  coefficients  as  a  function  of  latitude  and 
longitude  were  much  more  complex  than  those  shown  in  figure  6.  Likewise,  plots  of  the  scores  of  the  first  4  principle 
components  as  a  function  of  latitude  and  longitude  were  more  complex  than  those  shown  here.  In  this  figure  we  see  that 
the  surface  describing  the  distribution  of  scores  for  the  first  and  most  important  principle  component  is  characterized  by  a 
strong,  nonlinear  dependence  upon  temperature  and  relatively  weak  dependence  upon  the  concentration  of  chlorophyll  a. 


FACTl 


Figures  6.  Plot  of  the  scores  for  the  first  principle  components  of  the  matrix  of  values  of  the  7  tuning  coefficients  at  all 
stations  in  the  North  Atlantic  as  a  function  of  surface  temperature  and  the  surface  concentration  of  chlorophyll  a.  When  the 
scores  for  components  are  introduced  into  the  equation  above  (along  with  mean  values  and  standard  deviations  of  tuning 
coefficients,  and  loading  factors  and  eigenvalues  for  components  values  for  the  tuning  coefficients  can  be  predicted  with 
defined  accuracy. 

Minimum  values  for  scores  are  found  at  about  18^  C  and  maximum  values  are  found  in  the  coldest  waters  sampled 
(about  8°  C).  High  scores  are  also  found  in  the  warmest  waters.  In  addition  above  20P  C  scores  for  the  first  component 
vary  little  with  increasing  temperature.  Three  dimensional  plots  for  the  other  3  principle  components  were  also  relatively 
smooth  and  are  generally  less  complicated  than  the  surface  of  the  first  principle  component.  As  is  the  case  for  the  first 
component,  variations  in  the  temperature  at  the  sea  surface  appeared  to  cause  larger  changes  in  the  remaining  three 
components  than  does  changes  in  the  concentration  of  chlorophyll  at  the  sea  surface.  Because  the  plane  defined  by  the 
temperature-chlorophyll  axes  in  these  plots  is  not  completely  filM  with  data,  we  are  unsure  of  the  complete  shape  of  the 
surface  that  describes  the  relationship  between  the  temperature-chlorophyll  plane  and  the  scores  for  the  principle 
components.  Despite  this  limitation  in  interpretation,  we  feel  that  this  initial  test  is  promising. 

7.  DISCUSSION  AND  CONCLUSION 

The  approach  we  present  to  interpolating  and  extrapolating  in  time  and  space  one  dimensional  models  in  order  to 
produce  three  dimensional  maps  is  statistical.  We  tune  the  coefficients  of  our  system  of  equations  to  the  individual  stations 
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of  a  database,  we  calculate  the  principle  components  of  the  matrix  of  values  for  these  coefficients  hoping  to  reduce  the  size 
of  the  matrix  and  to  find  significant  relationships  between  the  principle  components  and  measurable  coefficients  such  as 
temperature  and  chlorophyll  concentration,  and  we  then  use  these  relationship  to  the  predict  the  values  for  the  coefficients  in 
a  four  dimensions  (x,  y,  z,  t).  An  alternative  approach  has  already  been  presented  by  Platt  and  Sathyendianath.  (1988)  and 
Mueller  and  Lange  (1989).  In  this  approach  biogeographic  regions  are  defined  and  located,  and  it  is  assumed  that  within 
these  regions  the  values  for  coefficients  remain  constant.  As  an  example,  in  Mueller  and  Lange's  study  of  the  vertical 
distribution  of  the  diffuse  attenuation  coefficient,  they  defined  4  regions  in  the  northeastern  Pacific:  the  subarctic  frontal 
regime,  the  California  Current,  the  Alaskan  gyre,  and  the  cenual  north  Pacific.  While  these  provinces  are  defined  by 
patterns  in  large  scale  circulation  and  TS  characteristics,  Mueller  and  Lange  found  that  the  values  for  the  coefficients  found 
in  the  equations  of  their  model  were  much  less  variable  within  the  provinces  than  between  provinces.  Further  research  is 
required  to  determine  whether  the  statistical  approach  which  we  present  here  or  the  more  classical  hydrographic  approach  is 
better. 

In  conclusion  our  study  of  the  north  Atlantic  may  be  summarized  by  the  following  4  points. 

1.  When  tuned  to  individual  stations  in  diverse  waters  of  the  north  Atlantic,  the  Bio-optical  Profile  Model 
provides  predictions  of  vertical  distribution  iitom  surface  prt^fties  that  are  generally  within  35%  of  mrasured  values. 

2.  The  predictable  relationship  between  scores  and  the  plane  of  temperature-chlorophyll  suggests  that  the  principle 
components  derived  from  our  bio-optical  model  may  provide  a  means  of  interpolating  our  1  dimensional  model  both  in  time 
and  horizontal  space. 

3.  The  scores  for  all  4  principle  components  all  depended  strongly  on  the  surface  temperature  and  less  so  on  surface 
concentration  of  chlorophyll. 

4.  Since  surface  temperature  and  chlorophyll  can  be  measured  from  satellite  and  vaiy  with  season  and  circulation, 
our  interpolation  scheme  will  be  a  dynamic  feature  in  the  creation  of  bio-optical  maps.  The  bio-optical  province  imposes  a 
more  static  description  of  the  ocean. 
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ABSTRACT 

The  optical  properties  of  pure  water  are  basic  input  data  for  many  geophysical  investigations  such  as  remote  sensing  of  surftice 
water  and  underwater  radiative  transfer  calculations.  Knowledge  of  the  spectral  properties  of  components  in  surface  water  is 
required  for  accurate  interpretation  of  measured  reflection  and  attenuation  spectra  in  terms  of  their  concentrations.  Also  the  sources 
and  sizes  of  errors  in  the  basic  data  must  be  known. 

Absorption  measurements  were  done  with  a  submersible  absorption  meter  in  the  temperature  range  2.S  till  40.5  “C.  The  scattering 
of  pure  water  is  recalculated  using  the  Einstein-Smoluchowski  equation.  The  input  for  this  equation  is  evaluated  and  the 
temperature  dependency  is  included.  New  values  for  the  absorption  coefficient  are  given  based  on  these  results  and  analysis  of 
data  from  the  literature.  Absorption  in  the  wavelength  range  300-550  nm  is  lower  than  presently  used  values.  In  the  wavelength 
range  above  700  nm  the  spectrum  has  a  different  shape.  A  formulation  of  the  effect  of  temperature  on  the  absorption  spectrum 
is  given. 


I.  INTRODUCTION 

From  reflectance  spectra  and  attenuation  spectra  measured  in  the  optical  window  concentrations  of  aquatic  humus  and  suspended 
matter  such  as  algae  and  silt  in  surface  water  are  derived.  Decomposition  of  measured  spectra  in  terms  of  concentrations  requires 
knowledge  of  the  inherent  optical  properties  of  these  components.  Also  the  sources  and  sizes  of  errors  in  these  basic  data  must 
be  known.  The  inherent  optical  properties  of  pure  water  cmi  be  used  to  test  and  apply  algorithms  to  decompose  reflectance  spectra 
and  to  calibrate  instruments. 

The  inherent  optical  properties  of  surface  water  are  the  absorption  coefficient  a,  the  scattering  coefficient  b  and  the  volume 
scattering  function  /3.  The  beam  attenuation  c  is  the  sum  of  the  absorption  and  scattering  coefficients.  These  properties  dqiend 
only  on  dissolved  and  suspended  matter  in  the  water  and  water  itself  and  not  on  the  geometry  of  the  light  field.  The  coefficients 
are  defined  for  an  infinitesimally  thin  layer  of  medium,  illuminated  at  right  angles  by  a  narrow  parallel  beam  of  monochromatic 
light.  The  fraction  of  the  incident  flux  that  is  absorbed,  divided  by  the  thickness  of  the  layer,  is  the  absorption  coefficient.  The 
fraction  of  the  incident  flux  that  is  scattered,  divided  by  the  thickness  of  the  layer,  is  the  scattmng  coefficient.  The  angular 
distribution  of  the  scattered  light  is  specified  by  the  volume  scmtering  function.  The  difliise  attenuation  coefficient  is  an  apparent 
optical  property  which  depends  on  the  geometry  of  the  light  field,  it  specifies  the  attenuation  of  solar  irradiance  in  natural  waters. 

The  optical  properties  of  pure  water  were  reviewed  by  Morel ',  Smith  and  Tyler  ’  and  Smith  and  Baker  Several  methods  were 
used  to  determine  these  properties.' The  beam  attenuation  coefficient  of  water  can  be  measured  by  spectrophotometry  and  the 
absorption  coefficient  then  is  calculated  by  subtraction  of  the  scattering  coefficient  from  the  beam  attenuation  coefficient. 
Optoacoustic  measurements  *  yield  absorption  directly.  Another  way  to  derive  the  absorption  coefficient  of  pure  water  is  from 
measurements  of  the  diffuse  attenuation  coefficient  in  very  clear  natural  water  ^  Smith  and  Baker  ’  presented  diffuse  attenuation 
and  absorption  coefficients  of  water  that  are  in  common  use  now.  These  data  were  based  on  measurements  from  several  sources 
and  sound  judgement  as  to  what  source  to  use.  They  arrived  at  the  absorption  spectrum  in  the  following  way: 

1 .  At  wavelengths  smaller  than  380  nm  the  spectrum  was  calculated  from  direct  measurements  of  the  diffuse  attenuation 
coefficient. 

2.  At  wavelength  between  380  and  700  nm  the  spectrum  was  based  on  beam  attenuation  measurements  of  Morel  and  Prieur 
In  the  wavelength  range  600-700  nm  these  authors  shifted  their  measured  spectra  in  a  vertical  direction  to  obtain  the  same 
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values  as  found  by  Sullivan  So  from  600  to  700  nm  the  results  of  Smidi  and  Baker  are  based  on  Sullivan’s  work. 

3.  At  wavelengths  atove  700  nm  the  average  of  beam  attenuation  data  measured  by  Curcio  and  Petty  \  James  and  Bridge 
Clark  and  James  *  and  Sullivan  ‘  are  used,  as  was  done  by  Smith  and  Tyler 


300  400  500  600  700  800 

Wavelength  (nm) 

Figure  I  a  and  b.  Absorption  spectra  (logarithmic  and  linear  scale)  used  by  Smith  and  Baker’  including  our  measurement  and  other 
resort  measurements. 
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The  shape  of  the  water  absorption  spectrum  in  the  visible  wavelength  range  has  the  following  characteristics.  In  the  300-700  nm 
wavelength  range  absorption  is  low.  Published  spectra  show  minima  at  490  nm’,  480  nm^  or  380  nm'”.  This  variation  occurs  due 
to  impurities  of  the  water  as  explained  further  on.  The  absorption  increases  with  increasing  wavelength  and  has  shoulders  at  510 
nm,  600  nm  and  a  small  one  at  660  nm.  From  690  nm  absorption  increases  rapidly  until  approximately  740  nm.  At  still  higher 
wavelength  the  absorption  decreases  again.  In  Figure  la  and  Ib  the  absorption  spectra  from  Smidi  and  Baker  ’  are  shown  tog^er 
with  our  measurements  and  the  values  measured  by  Tam  and  Patel  *,  Boivin  et  al.  Quickenden  and  Irvin  "  and  at  21  °C  by 
Pegau  and  Zaneveld  Our  values  are  the  average  of  16  absorption  spectra  between  10°  and  40.S°C  with  a  mean  temperature  of 
20.1°C. 

Among  different  authors  differences  between  the  absorption  spectra  are  significant  in  the  complete  visible  wavelength  range.  These 
must  be  explained  by  combinations  of  several  possible  errors: 

1.  False  reflections  of  light  in  the  optical  equipment  cause  problems  in  the  accurate  determination  of  low  attenuation 
coefficients.  An  extensive  analysis  of  such  errors  is  given  by  Quickenden  and  Irvin  Over  a  limited  wavelength  region  this 
error  results  in  a  vertical  shift  of  the  spectrum,  which  may  be  positive  or  negative. 

2.  The  values  can  be  too  high  due  to  scattering  by  dust  and  micro  air  bubbles.  Large  particles  lead  to  a  vertical  upward  shift 
of  the  spectrum,  small  particles  to  an  exponential  increase  which  decreasing  wavelength. 

3.  Absorption  by  other  molecules  than  water  also  leads  to  overestimation  of  absorption.  Large  and  complicated  organic 
molecules,  generally  summarized  as  aquatic  humus,  begin  to  absorb  significantly  below  600  nm.  This  absorption  increases 
in  first  approximation  exponentially  with  lower  wavelength,  the  exponent  varies  between  0.010  nm  '  and  0.02 Inm  ' 
Contamination  of  the  water  by  significant  concentrations  of  specific  organic  molecules  and  several  ions  leads  to  specific 
broad  absorption  bands  in  the  ultra  violet  part  of  the  spectrum. 

4.  Hojerslev  and  Trabjerg  observed  that  water  absorption  depends  on  temperature  and  Pegau  and  Zaneveld  found  that  this 
effect  was  especially  large  in  the  wavelength  range  700-800  nm.  This  temperature  effect  was  however  until  recently  not 
identified  as  important.  The  spectral  shape  of  this  effect  is  one  of  the  subjects  of  this  paper. 

In  practice  it  is  usually  impossible  to  ascribe  observed  errors  and  differences  among  published  spectra  to  these  single  causes. 
Boivin  et  al.  and  Quickenden  and  Irvin  "  measured  attenuation  coefficients  in  the  300-600  nm  wavelength  range  which  are 
significantly  lower  than  the  values  reported  before.  This  can  probably  be  attributed  to  better  purification  of  the  water  used  ". 
Hojerslev  and  Trabjerg  and  Pegau  and  Zaneveld  measured  the  temperature  dependence  of  the  absorption  coefficient.  This 
effect  increases  with  the  absorption  coefficient  and  it  is  strongest  at  the  harmonics  of  the  stretching  of  0-H  bonds.  In  the  range 
400-600  nm  Hojerslev  and  Trabjerg  found  a  temperature  dependency  of  O.OOIS  m''°C''.  Pegau  and  Zaneveld  found  a 
temperature  dependency  of  0.0071,  0.0092  and  0.0113  m‘'°C'  at  respectively  755,  750  and  745  nm. 

In  this  paper  absorption  measurements  made  with  a  submersible  absorption  meter  ”  in  the  temperature  range  2.5  till  40.5  °C  are 
given.  The  scattering  of  pure  water  is  recalculated  using  the  Einstein-Smoluchowski  equation  The  input  for  this  equation  is 
evaluated  and  the  temperature  dependency  is  included.  New  values  for  the  absorption  coefficient  are  given  based  on  these  results 
and  analysis  of  data  from  the  literature. 


2.  ABSORPTION  MEASUREMENTS 


2.1  Materials  and  methods 

Twenty  five  spectra  of  the  sum  of  absorption  and  backscattering  of  pure  water  were  measured  with  a  submersible  absorption 
meter”  in  the  temperature  range  from  2.5°C  to  40.5°C.  This  submersible  absorption  meter  measures  radiance  attenuation  spectra 
in  a  Lambertian  diffuse  light  field.  If  measured  close  to  the  light  source  the  radiance  forwardly  scattered  out  of  the  normal 
direction  is  replaced  by  path  radiance.  The  radiance  attenuation  approaches  the  sum  of  absorption  and  backscattering.  In  clear 
samples  the  radiance  attenuation  is  equal  to  the  absorption. 

The  sample  compartment  of  the  submersible  absorption  meter  was  filled  with  pure  water.  This  was  obtained  by  reversed  osmosis 
followed  by  distillation.  Conductivity  of  this  water  was  1.5  pS.  A  series  of  temperature  was  made  from  2.5°  to  40.5°C. 
Temperature  was  measured  with  an  accuracy  0.05°C.  Light  reflection  from  the  water  surface  into  the  sample  compartment  was 
prevented  by  a  black  absorption  panel  behind  the  radiance  detector.  Absorption  spectra  were  measured  over  a  path  length  of 
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0. 1 20  tn.  At  each  temperature  three  spectra  were  averaged.  Repeated  measurements  at  a  single  temperature  had  a  standard  deviation 
of  0.03  m  '. 

2.2  Results 

In  Figure  la  and  lb  the  average  of  the  spectra  measured  between  10  and  40.5  is  shown.  Averaging  reduced  noise;  it  is  allowed 
since  the  dependence  of  absorption  on  temperature  is  linear  (see  below).  This  spectnun  shows  the  general  characteristics  as 
described  in  the  introduction.  Most  unsolved  problems  occur  below  500  nm,  considered  in  more  detail  in  the  discussion.  In  the 
500-700  nm  wavelength  range  good  i^eement  occurs  with  the  data  of  Tam  and  Patel.  In  the  700-800  nm  wavelength  range  the 
measured  spectra  were  up  to  20  percent  higher  than  the  spectra  of  Smith  and  Baker  ^  here  the  temperature  dependence  is 
important. 

The  absorption  spectrum  of  water  as  a  function  of  temperature  is  shown  in  Figure  2.  Absorption  increases  with  temperature  in 
the  400-780  nm  wavelength  range  and  decreases  in  the  780-800  nm  range.  The  absorption  maximum  shifts  towards  a  lower 
wavelength  at  increasing  temperature.  Absorption  was  linearly  fitted  to  temperature  at  all  wavelengths. 

a(7)=a(20.1)+i4(r-20.1)  (0 


where  a{T)  is  the  absorption  at  temperature  T  and  A  is  the  absorption  increment  due  to  temperature.  The  temperature  dependency 
of  absorption  is  plotted  in  Figure  3  along  with  the  correlation  between  absorption  and  temperature. 


Wavelength  (nm) 


Figure  2.  Absorption  spectra  of  pure  water  measured  with  the 
submersible  absorption  meter  for  different  temperatures. 


Figure  3.  Spectrum  of  the  temperature  dependency  (A)  of  the 
absorption  coefficient  of  pure  water  and  the  correlation 
between  the  absorption  coefficient  and  temperature 


A  has  peaks  in  the  same  wavelength  ranges  where  the  shoulders  and  maximum  absorption  are  found;  520,  606,  664  and  742  nm. 
At  wavelengths  below  580  nm  the  slope  coefficient  A  is  nearly  constant  at  0.0012  m'''’C''  and  in  agreement  with  Hojerslev  and 
Trabjerg  A  small  peak  around  520  nm  can  be  seen,  where  A  increases  to  0.0015  m''°C.  No  peak  was  found  at  550  nm  as  was 
predicted  by  Pergau  and  Zianeveld'^.  Around  the  absorption  maximum  at  740  nm  our  measured  absorption  values  are  higher  than 
those  reported  by  Pegau  and  Zaneveld  Part  of  this  difference  may  have  been  caused  by  their  correction  procedure;  the  spectra 
were  adjusted  in  the  vertical  direction  to  the  absorption  at  685  nm  as  measured  by  Tam  and  Patel  *.  In  doing  so  part  of  the 
temperature  effect  was  discarded.  However  this  does  not  completely  explain  the  difference,  because  at  685  nm  A  is  only  0.001 
m  '  °C''.  Compared  to  Pergau  and  Zaneveld  our  values  for  A  are  higher.  Irvin  and  Pollard  reported  a  value  of  A  at  750  nm 
of  0.014  m  '  °C''  which  is  in  agreement  with  our  results. 
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3.  PROPOSED  ABSORPTION  SPECTRUM. 


We  arrived  at  an  improved  estimate  for  the  absorption  spectrum  of  pure  water  in  the  following  way: 

1.  In  the  300-394  nm  wavelength  range  the  spectrum  according  to  Boivin  et  al.  is  used.  Their  measured  data  were 
interpolated  to  obtain  absorption  coefficients  at  fixed  wavelength  intervals. 

2.  In  the  394-S20  nm  wavelength  range  the  shqie  of  the  spectrum  according  to  Smith  and  Baker  ’  is  used,  but  the  absolute 
values  are  changed  by  vertically  shifting  the  spectrum  such  as  to  obtain  a  smooth  fit  at  the  lower  wavelength  with  the  data 
of  Boivin  et  al.  At  the  higher  wavelength  at  320  nm  the  constraint  for  a  smooth  fit  is  met  by  shifting  the  next  section. 

3.  In  the  520-604  nm  wavelength  range  our  measurements  were  used.  The  absorption  coefficients  were  0.01  m'*  shifted  to 
obtain  a  smooth  fit  with  the  data  of  Tam  and  Patel 

4.  In  the  604-800  nm  wavelength  range  the  unmodified  absorption  spectrum  as  measured  with  the  submersible  absorption  meter 
was  used. 

The  results  are  given  in  Table  1  and  in  Figure  4.  The  measurements  of  Boivin  et  al.  at  346  and  473  nm  agree  within  a  few 
percent.  These  values  were  not  used  in  the  numerical  analysis.  In  the  range  below  400  nm  we  can  chose  between  the  values  of 
Quickenden  and  Irvin  "  and  Boivin  et  al.  because  both  used  highly  purified  water.  Quickenden  and  Irvin"  demonstrated  the 
effect  of  subsequent  purification  steps  on  the  water  absorption  spectrum.  Probably  a  general  feature  visible  in  Figure  1  is  that  the 
absorption  minimum  in  the  spectrum  shifts  towards  the  ultra  violet  region  with  a  higher  degree  of  puriftcation.  Contamination 
causes  exponentially  increased  attenuation  coefficients  towards  the  lower  wavelengths.  This  criterium  must  be  judged  in 
combination  with  the  value  of  the  absorption.  Absorption  spectra  with  minima  near  300  nm  must  be  rejected  for  the  low 
wavelength  range.  This  also  applies  to  our  measurements  in  the  400-300  nm  wavelength  range. 


300  400  500  600  700  800 

Wavelength  (nm) 


Figure  4.  Spectra  of  absorption  and  scattering  coefficient.  The  solid 
lines  are  the  new  values  proposed  and  diamonds  are  the  values 
given  by  Smith  and  Baker’ 

The  data  of  Boivin  et  al.  were  selected  because  they  used  a  longer  cuvette  than  Quickenden  and  Irvin  "  and  because  they  also 
made  measurements  in  the  visible  part  of  the  spectrum.  Values  for  the  attenuation  coefficient  were  calculated  for  fixed  wavelength 
intervals  using  fifth  degree  polynomial  interpolation. 

Our  absorption  measurements  correspond  well  with  the  data  of  Tam  and  Patel  *  between  600-700  nm.  Therefore  it  is  believed  that 
these  measurements  are  also  accurate  above  700  nm.  Between  300  and  600  nm  a  small  systematic  difference  remains. 

Above  600  nm  noise  in  a  small  wavelength  region  is  generally  much  smaller  than  the  systematic  errors;  the  shape  of  water 
absorption  spectra  measured  by  different  authors  are  very  similar  here.  In  contrast  absolute  values  at  single  wavelength  show  larger 
differences.  Boivin  et  al.  arrived  at  an  absolute  error  in  their  measurements  of  0.007  m  '  by  direct  experimoital  analysis  of 
correction  factors  of  their  instrument.  From  our  measurements  we  estimated  the  error  m  the  absorption  at  0.02m''. 

To  align  measurements  from  different  sources  it  appears  sometimes  necessary  to  apply  a  vertical  shift  to  the  spectra,  this  may  be 
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Table  1 .  Proposed  values  for  absorption  and  scattering  coefficients  at  20  °C.  The  temperature  dependence  A  derived  from  new 
measurements  is  included.  Symbols;  \  =  wavelength  (nm),  a  =  id)sorption  coefficient  (m''),  A  =  absorption  increment  due  to 
temperature  (m  '^C  ')  and  b  =  scattering  coefficient  (m  '). 
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a 

A 

b 

X 
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b 

X 

a 

A 
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300 

0.0382 

0.0174 

438 

0.0102 

0.0016 

0.0036 

576 

0.0858 

0.0012 

0.0012 

714 

0.8445 

0.0026 

0.0005 

302 

0.0361 

0.0169 

440 

0.0104 

0.0014 

0.0036 

578 

0.0896 

0.0012 

0.0012 

716 

0.9109 

0.0032 

0.0005 

304 

0.0341 

0.0165 

442 

0.0106 

0.0014 

0.0035 

580 

0.0952 

0.0012 

0.0011 

718 

0.9871 

0.0039 

0.0005 

306 

0.0323 

0.0160 

444 

0.0108 

0.0013 

0.0034 

582 

0.1008 

0.0012 

0.0011 

720 

1.0724 

0.0046 

0.0005 

308 

0.0305 

0.0156 

446 

0.0110 

0.0016 

0.0034 

584 

0.1079 

0.0013 

0.0011 

722 

1.1679 

0.0053 

0.0005 

310 

0.0288 

0.0152 

448 

0.0112 

0.0013 

0.0033 

586 

0.1159 

0.0014 

0.0011 

724 

1.2684 

0.0061 

0.0005 

312 

0.0272 

0.0148 

450 

0.01 14 

0.0016 

0.0033 

588 

0.1253 

0.0014 

0.0011 

726 

1.3719 

0.0068 

0.0004 

314 

0.0257 

0.0144 

452 

0.0116 

0.0014 

0.0032 

590 

0.1356 

0.0015 

0.0011 

728 

1.4870 

0.0077 

0.0004 

316 

0.0242 

0.0140 

454 

0.0118 

0.0014 

0.0031 

592 

0.1459 

0.0016 

0.0010 

730 

1.6211 

0,00? 

0.0004 

318 

0.0228 

0.0137 

456 

0.0120 

0.0014 

0.0031 

594 

0.1567 

0.0016 

0.0010 

732 

1.7872 

0.0098 

0.0004 

320 

0.0215 

0.0133 

458 

0.0122 

0.0012 

0.0030 

596 

0.1700 

0.0017 

0.0010 

734 

1.9917 

0.0114 

0.0004 

322 

0.0203 

0.0130 

460 

0.0124 

0.0014 

0.0030 

598 

0.1860 

0.0018 

0.0010 

736 

23074 

0.0133 

0.0004 

324 

0.0191 

0.0126 

462 

0.0126 

0.0014 

0.0029 

600 

0.2224 

0.0020 

0.0010 

738 

23942 

0.0152 

0.0004 

326 

0.0180 

0.0123 

464 

0.0128 

0.0013 

0.0029 

602 

02366 

0.0022 

0.00IP 

740 

2.5319 

0.0163 

0.0004 

328 

0.0170 

0.0120 

466 

0.0130 

0.0013 

0.0028 

604 

0.2448 

0.0024 

0.0010 

742 

2.6231 

0.0168 

0.0004 

330 

0.0160 

0.0117 

468 

0.0133 

0.0014 

0.0028 

606 

0J587 

0.0025 

0.0009 

744 

2.6723 

0.0166 

0.0004 

332 

0.0151 

0.0114 

470 

0.0135 

0.0014 

0.0027 

608 

0.2653 

0.0025 

0.0009 

746 

2.7021 

0.0161 

0.0004 

334 

0.0142 

0.0112 

472 

0.0138 

0.0013 

0.0027 

610 

0J69I 

0.0024 

0.0009 

748 

2.7216 

0.0152 

0.0004 

336 

0.0134 

0.0109 

474 

0.0141 

0.0013 

0.0026 

612 

V  '•715 

0.0023 

0.0009 

750 

2.7334 

0.0143 

0.0004 

338 

0.0127 

0.0106 

476 

0.0144 

0.0013 

0.0026 

614 

0J740 

0.0022 

0.0009 

752 

2.7413 

0.0132 

0.0004 

340 

0.0119 

0.0104 

478 

0.0148 

0.0014 

0.0025 

616 

0J764 

0.0021 

0.0009 

754 

2.7478 

0.0122 

0.0004 

342 

0.0113 

0.0101 

480 

0.0152 

0.0014 

0.0025 

618 

0.2785 

0.0020 

0.0009 

756 

2.7542 

0.0111 

0.0004 

344 

0.0107 

0.0099 

482 

0.01  7 

0.0013 

0.0024 

620 

02810 

0.0019 

00009 

758 

2.7628 

0.0102 

0.0004 

346 

0.0101 

0.0096 

484 

0.0162 

0.0014 

0.0024 

622 

02839 

0.0018 

0.0009 

760 

2.7710 

0.0091 

0.0004 

348 

0.0096 

0.0094 

486 

0.0167 

0.0013 

0.0024 

624 

02868 

0.0018 

0.0008 

762 

2.7733 

0.0081 

0.0004 

350 

0.0091 

0.0092 

488 

0.0174 

0.0013 

0.0023 

626 

02893 

0.0017 

0.0008 

764 

2.7742 

0.0071 

0.0004 

352 

0.0086 

0.0090 

490 

0.0181 

0.0013 

0.0023 

628 

02922 

0.0016 

0.0008 

766 

2.7701 

0.0061 

0.0004 

354 

0.0082 

0.0088 

492 

0.0189 

0.0013 

0.0022 

630 

02955 

0.0015 

0.0008 

768 

2.7610 

0.0051 

0.0004 

356 

0.0078 

0.0086 

494 

0.0198 

0.0014 

0.0022 

632 

0298» 

0.0014 

0.0008 

770 

2.7542 

0.0042 

0.0003 

358 

0.0075 

0.0084 

496 

0.0209 

0.0013 

0.0022 

634 

OJOll 

0.0013 

0.0008 

772 

2.7482 

0.0033 

0.0003 

360 

0.0071 

0.0082 

498 

0.0223 

0.0013 

0.0021 

636 

03038 

0.0013 

0.0008 

774 

2.7305 

0.0025 

0.0003 

362 

0.0069 

0.0080 

500 

0.0238 

0.0012 

0.0021 

638 

03076 

0.0012 

0.0008 

776 

2.7097 

0.0016 

0.0003 

364 

0.0066 

0.0078 

502 

0.0255 

0.0014 

0.0021 

640 

031 11 

0.0012 

0.0008 

778 

2.6896 

0.0009 

0.0003 

366 

0.0064 

0.0076 

504 

0.0273 

0.0013 

0.0020 

642 

03144 

0.001 1 

0.0007 

780 

2.6590 

0.0002 

0.0003 

368 

0.0062 

0.0075 

506 

0.0291 

0.0014 

0.0020 

644 

03181 

0.0011 

0.0007 

782 

2.6332 

-0.0005 

0.0003 

370 

0.0060 

0.0073 

508 

0.0310 

0.0014 

0.0020 

646 

0.3223 

0.0011 

0.0007 

784 

2.6062 

-0.0011 

0.0003 

372 

0.0058 

0.0071 

510 

0.0329 

0.0013 

0.0019 

648 

03263 

0.0010 

0.0007 

786 

2.5702 

-0.0017 

0.0003 

374 

0.0057 

0.0070 

512 

0.0349 

0.0014 

0.0019 

650 

03315 

0.001 1 

0.0007 

788 

2.5335 

-0.0022 

0.0003 

376 

0.0056 

0.0068 

514 

0.0368 

0.0014 

0.0019 

652 

03362 

0.0010 

0.0007 

790 

2.4924 

-0.0027 

0.0003 

378 

0.0055 

0.0067 

516 

0.0386 

0.0015 

0.0018 

654 

03423 

0.0010 

0.0007 

792 

2.4481 

-0.0030 

0.0003 

380 

0.0054 

0.0065 

518 

0.0404 

0.0015 

0.0018 

656 

03508 

0.0010 

0.0007 

794 

2.4083 

-0.0034 

0.0003 

382 

0.0054 

0.0064 

520 

0.0409 

0.0014 

0.0018 

658 

03636 

0.0011 

0.0007 

796 

2.3742 

-0,0036 

0.0003 

384 

0.0053 

0.0063 

522 

0.0416 

0.0015 

0.0018 

660 

03791 

0.0012 

0.0007 

798 

2.3332 

-0.0037 

0.0003 

386 

0.0053 

0.0061 

524 

0.0409 

0.0014 

0.0017 

662 

03931 

0.0015 

0.0007 

800 

2,2932 

-0.0038 

0.0003 

388 

0.0053 

0.0060 

526 

0.0427 

0.0014 

0.0017 

664 

0.4019 

0.0015 

0.0006 

390 

0.0054 

0.0059 

528 

0.0423 

0.0013 

0.0017 

666 

0.4072 

0.0015 

0.0006 

392 

0.0054 

0.0058 

530 

0.0429 

0.0013 

0.0017 

668 

0.4098 

0.0014 

0.0006 

394 

0.0054 

0.0056 

532 

0.0445 

0.0014 

0.0016 

670 

0.4122 

0.0014 

0.0006 

396 

0.0055 

. 

0.0055 

534 

0.0456 

0.0013 

0.0016 

672 

0.4150 

0.0013 

0.0006 

398 

0.0056 

. 

0.0054 

536 

0.0470 

0.0013 

0.0016 

674 

0.4173 

0.0013 

0.0006 

400 

0.0058 

0.0009 

0.0053 

538 

0.0480 

0.0013 

0.0016 

676 

0.4223 

0.0012 

0.0006 

402 

0.0059 

0.0014 

0.0052 

540 

0.0495 

0.0013 

0.0015 

678 

0.4270 

0.0011 

0.0006 

404 

0.0061 

0.0014 

0.0051 

542 

0.0503 

0.0013 

0.0015 

680 

0.4318 

0.0011 

0.0006 

406 

0.0063 

0.0016 

0.0050 

544 

0.0527 

0.0012 

0.0015 

682 

0.4381 

0.0010 

0.0006 

408 

0.0065 

0.0015 

0.0049 

546 

0.0544 

0.0013 

0.0015 

684 

0.4458 

0.0010 

0.0006 

410 

0.0067 

0.0015 

0.0048 

548 

0.0564 

0.0012 

0.0014 

686 

0.4545 

0.0009 

0.0006 

412 

0.0069 

0.0013 

0.0047 

550 

0.0588 

0.0013 

0.0014 

688 

0.4646 

0.0010 

0.0006 

414 

0.0072 

0.0015 

0.0046 

552 

0.0611 

0.0012 

0.0014 

690 

0.4760 

0.0009 

0.0006 

416 

0.0074 

0.0015 

0.0045 

554 

0.0631 

0.0013 

0.0014 

692 

0.4903 

0.0009 

0.0005 

418 

0.0076 

0.0014 

0.0044 

556 

0.0646 

0.0012 

0.0014 

694 

0.5071 

0.0009 

0.0005 

420 

0.0079 

0.0015 

0.0043 

558 

0.0658 

0.0013 

0.0013 

696 

0.5244 

0.0010 

0.0005 

422 

0.0082 

0.0014 

0.0042 

560 

0.0672 

0.0012 

0.0013 

698 

0.5470 

0.0009 

0.0005 

424 

0.0084 

0.0015 

0.0042 

562 

0.0686 

0.0012 

0.0013 

700 

0.5722 

0.0010 

0.0005 

426 

0.0087 

0.0015 

0.0041 

564 

0.0699 

0.0012 

0.0013 

702 

0,5995 

0.0012 

0.0005 

428 

0.0089 

0.0015 

0.0040 

566 

0.0718 

0.0012 

0.0013 

704 

0.6303 

0.0012 

0.0005 

430 

0.0092 

0.0014 

0.0039 

568 

0.0734 

0.0012 

0.0012 

706 

0.6628 

0.0013 

0.0005 

432 

0.0094 

0.0013 

0.0038 

570 

0.0759 

0.0012 

00012 

708 

0.6993 

0.0016 

0.0005 

434 

0.0097 

0.0014 

0.0038 

572 

0.0787 

0.0012 

0.0012 

710 

0.7415 

0.0018 

0.0005 

436 

0.0099 

0.0013 

0.0037 

574 

0.0819 

0.0012 

0.0012 

712 

0.7893 

0.0021 

0.0005 
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due  to  differences  in  correction  for  specular  reflection  in  the  apparatus  and  to  the  presence  of  large  particulate  impurities.  But  also 
large  differences  occur  in  the  shape  of  measured  spectra.  In  practice  it  is  usually  impossible  to  ascribe  observed  mors  and 
differences  among  published  spectra  to  single  causes. 

4.  THE  SPECTRUM  OF  THE  SCATTERING  COEFFICIENT 

The  scattering  of  light  by  water  is  described  by  the  Einstein  -  Smoluchowski  equation".  In  this  theory  the  scattering  of  light 
is  attributed  to  fluctuations  in  the  dielectric  constant,  caused  by  the  random  motion  of  molecules.  It  is  therefore  also  known  as 
the  fluctuation  theory  .The  spectra  of  the  total  scattering  and  the  volume  scattering  are  given  by  the  following  equations: 
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Table  2  List  of  notations  used  in  the  Einstein-Smoluchowski  equation. 
b  total  scattering  coefficient,  m'* 

k  Boltzmann  constant;  1.380S4*10^MK'' 

refractive  index;  1.3247+3.3  10*  -3.2-10’ -2.5-10-®  -r.*-K5-2-I0*-r^4-10-*^ 
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salinity  0/00 
absolute  temperature,  K 
temperature,  "C 

volume  scattering  function  at  right  angle  Rayleigh  ratio,  m*'  sr'' 
volume  scattering  function,  m'*  sr' 

isothermal  compressibility,  Pa-';(5.06227 1-0.03 179  •7;40.000407 -O'!  0" 

angle  between  the  direction  of  the  incident  beam  and  the  direction  of  obsmration,  sr*' 

wavelength,  nm 

wavelength,  m 

depolarization  ratio;  O.OSl 

pressure  derivative  of  n.  Pa*' 

pressure  derivative  of  n  at  20  **€  as  a  function  of  wavelength,  Pa*';  (-0.000156-X+1.5989)-10*'® 
pressure  derivative  of  /i  at  633  nm  as  a  iimction  of  temperature.  Pa*';  (1.618S7-0.00S78S-rj-10'"’ 


The  temperature  dependence  of  the  isothermal  compressibility  between  S°C  and  3S°C  is  given  as  a  quadratic  fit  to  the  data  of 
Lepple  and  Millero  '*.  The  refractive  index  of  water  is  a  function  of  wavelength,  tempo-ature,  salinity  and  pressure.  Empirical 
equations  for  this  dependency  are  given  by  Mcneil  "  and  MatdtBus  The  formula  given  by  Matththis  is  reliable  between  400 
and  650  nm.  We  use  the  approximation  given  by  Mcneil  because  it  covers  the  greater  wavelength  range  350-800  nm.  Values 
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calculated  with  this  formula  agreed  within  0.01  percent  with  the  values  tabulated  by  Sager  For  remote  sensing  applications 
only  atmospheric  pressure  needs  to  be  considered,  and  the  equation  reduces  to  the  form  given  above. 

The  depolarization  ratio  is  taken  from  Farinato  and  Roswell  who  measured  at  SIS  nm  and  20°C.  No  discussion  of  the 
dependence  of  the  polarization  ratio  on  temperature  and  wavelength  was  found  in  the  literature.  The  wavelength  and 
temperature  dependency  of  the  pressure  derivative  of  the  refractive  index  are  given  by  two  independent  linear  approximations. 
The  temperature  influence  was  fitted  to  the  data  tabulated  by  O’Conner  ”  between  S®C  and  3S“C  for  633  nm.  The  wavelength 
dependency  is  a  linear  approximation  to  the  data  of  Evtyushenkov  and  Kiyachenko  measured  at  20‘’C.  The  temperature  and 
wavelength  dependencies  are  combined  to  describe  &n/8p  permitting  a  better  representation. 

Table  3.  Rayleigh  ratio  calculated  using  Equation  2  for  Tc=20‘‘C,  measurement  and  calculation  by  Morel  '  using  a 


depolarization  ratio  of  0.09. 

Wavelength 

(nm) 

Rayleigh  ratio  (xl0'‘  m'*) 

Morel 

Equation  2 

measured  calculated 

366 

4.67 

4.53 

5.32 

405 

3.07 

2.90 

3.42 

436 

2.26 

2.12 

2.49 

546 

0.89 

0.83 

0.94 

578 

0.71 

0.66 

0.73 

633 

0.48 

Some  spectral  measurements  of  the  Rayleigh  ratio  (P(90))  are  given  by  Morel  '  and  shown  in  Table  2.  The  measured  Rayleigh 
ratio  is  about  4  percent  lower  than  described  by  Equation  2.  Also  the  measurements  of  Pike  et  al.  ’’  at  633  nm  and  at  22  °C 
agree  well. 

A  consequence  of  this  input  into  the  Einstein-Smoluchowski  equation  is  that  in  the  temperature  dependence  of  the  total 
scattering  a  maximum  at  IS'C  tqrpears.  From  IS  till  30  ’C  the  scattering  coefficient  decreases  by  2.4  percent.  The  influence  of 
salinity  on  the  scattering  is  not  studied  here.  According  to  Morel '  the  scattering  of  sea  water  is  30  percent  higher  as  compared 
with  f^h  water.  Result  of  the  calculations  for  fixed  wavelength  intervals  are  given  in  Table  2.  The  spectrum  of  the  scattering 
coefficient  is  shown  in  Figure  4. 

Relative  errors  in  the  input  parameters  of  the  scattering  coefficient  were  estimated  as  follows; 

1.  0.1  percent  in  the  isothermal  compressibility  according  to  Lepple  and  Millero  ". 

2.  2  percent  in  the  pressure  derivative  of  the  refractive  index. 

3.  less  than  0.1  percent  in  the  refractive  index 

4.  20  percent  in  the  depolarization  ratio. 

This  results  in  an  relative  error  of  about  6  percent  in  the  total  scattering  coefficient  and  in  the  volume  scattering  function. 

Morel '  used  the  Einstein-Smoluchowski  equation  with  different  input  parameters,  this  result  was  adopted  by  Smith  and 
Baker  Below  680  nm  the  numerical  results  of  our  interpretation  are  lower,  above  680  nm  they  are  higher.  The  difference  is 
about  10  percent  at  400  nm  and  3  percent  at  800  nm. 
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5.  DISCUSSION 


The  inherent  optical  properties  of  pure  water  and  the  accuracy  with  which  they  are  known  have  been  reviewed  here.  Difficulties 
due  to  the  recently  discovered  temperature  dependence  have  been  removed.  It  is  seen  that  remaining  systematic  errors  increase  with 
decreasing  wavelength.  This  leads  to  a  problem  in  choosing  the  best  values  in  practical  applications,  requiring  a  combination  of 
measurements  from  several  sources  and  sound  judgement  as  to  what  source  to  use,  a  problem  that  becomes  more  difficult  with 
decreasing  wavelength. 

It  is  arbitrary  to  choose  a  spectrum  in  the  low  wavelength  range.  Since  impurity  of  the  water  sample  is  the  largest  source  of  error, 
it  may  be  expected  that  the  lowest  spectrum  measured  is  more  or  less  automatically  the  best  choice.  Additionally  the  place  of 
minimum  absorption  can  be  used  to  select.  This  minimum  shifts  toward  lower  wavelengths  with  less  contaminations.  The 
measurements  of  Boivin  et  al  were  adapted  in  this  region  because  they  found  a  minimum  absorption  at  the  lowest  wavelength. 
However  in  the  region  between  300  nm  and  500  nm  these  very  low  absorption  may  not  be  important  in  most  practical  problems 
because  other  components  will  be  present  even  in  clear  ocean  waters.  The  values  given  by  Smith  and  Baker  ^  twiow  500  nm  may 
therefore  be  the  lowest  which  can  be  found  in  clear  natural  waters. 

At  wavelengths  above  600  nm  the  absorption  of  water  has  a  significant  temperature  dependency.  Beyond  700  nm  the  differences 
between  literature  values  increase  up  to  20  percent.  The  temperature  effect  on  absorption  is  part  of  the  explanation  for  these 
differences.  But  also  other  differences  must  be  present  since  the  difference  spectra  do  not  correspond  accurately  to  the  spectrum 
of  the  temperature  effect. 

The  consequences  of  these  proposed  absorption  coefficients  must  be  evaluated  in  the  various  fields  were  the  optical  properties  of 
water  are  used.  Especially  the  temperature  dependency  of  the  absorption  coefficient  on  the  remote  sensing  signal  in  the  red  and 
near  infhi-red  requires  attention,  such  as  procedures  in  remote  sensing  signal  processing  that  may  be  sensitive  to  different  water 
temperatures,  atmospheric  corrections  using  the  darkest  pixel  method  and  chlorophyll  determination  from  passive  chlorophyll 
fluorescence. 

In  this  study  we  used  reversed  osmosis  water.  There  is  however  a  general  need  for  knowledge  on  absorption  and  scattering 
coefficients  of  sea  water.  The  absorption  coefficient  and  the  temperature  effect  in  sea  water  have  to  be  studied. 
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ABSTRACT 

Inherent  and  apparent  optical  properties  as  measured  in  case  1  waters  often  deviate  in  seemingly  random  ways 
from  values  predicted  by  bio-optical  models  that  parameterize  the  microbial  composition  of  the  water  in  terms  of  the 
chlorof^tyll  concentration  alone.  We  believe  that  this  "random"  variability  in  optical  properties  can  be  explained  in 
terms  of  variability  in  the  detailed  microbial  composition  of  the  water,  and  we  outline  a  research  program  for  testing 
this  hypothesis.  Our  approach  combines  laboratory  experiments  on  monospecific  microbial  cultures,  Mie  scattering 
calculations,  and  radiative  transfer  numerical  modeling.  In  addition  to  advancing  our  undmtanding  of  the  marine 
optical  environment  (specifically  the  roles  played  by  various  miCTOorganisms),  this  approach  provides  a  unique  means 
for  improving  bio-optical  models  and  for  developing  new  optical  methods  or  algorithms  for  the  study  of  biological 
processes  in  the  uf^  ocean.  We  present  here  a  few  examples  from  preliminary  results  of  this  work.  These 
examples  show  selected  measures  of  the  underwater  light  field  for  a  hypoth^cal  ocean  that  consists  of  pure  water, 
viruses  (typically  0.07  pm  in  size),  heterotrophic  bacteria  (-0.5  pm),  cyanobacteria  (-1  pm),  and  small  diatoms 
(-4  pm)  as  optically  significant  components. 


1.  INTRODUCTION 

There  is  great  variability  in  the  inherent  optical  properties  (lOP’s)  of  sea  water.  This  variability  in  the  lOP's 
induces  a  correspondingly  large  variability  in  oceanic  apparent  optical  properties  (AOP’s),  even  after  accounting  for 
variability  in  the  AOP’s  owing  to  variability  in  the  inci^nt  lighting  and  sea  state.  Case  1  waters  are  those  waters 
whose  lOP’s  are  determined  primarily  by  the  biological  constituents  of  the  water.  Therefore,  the  variability  in  the 
lOP’s  of  case  1  waters  can  be  traced  in  large  part  to  die  variability  in  the  microbial  composition  of  such  waters. 

For  our  present  discussion,  we  can  qualitatively  divide  the  natural  variability  of  lOP’s  and  AOP’s  into 
"systematic''  and  "random"  parts.  For  example,  it  has  long  been  recognized  that  variations  in  phytoplankton 
concentration,  as  expressed  in  terms  of  the  chlorophyll  a  concentration  CM  (in  mg  m~^),  cause  systematic  variations 
in  the  spectral  absorption  coefficient  a(X)  (in  m~ ' ;  X,  is  the  wavelength  of  light).  The  corrdation  between  chlorophyll 
concentration  and  absorption  is  the  basis  for  statistically  derived  bio-opdcal  models  that  predict  <i(X.)  givoi  CM  (e.g.. 
Morel').  Although  such  bio-optical  models  may  satisfactorily  predict  average  values  of  a(X)  as  obtained  from  water 
samples  taken  at  many  locations  and  times,  such  models  say  nothing  about  the  variability  of  a(K)  observed  in  different 
water  samples,  each  of  which  has  the  same  chlorophyll  concentration  CM.  This  variability  in  measured  <j(X)  values 
for  a  given  CM  is  "random"  in  the  sense  that  measured  a(K)  values  differ  in  a  seemingly  random  manner  from  the 
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mean  values  predicted  by  bio-optical  models.  Any  particular  measured  a(K)  value  can  easily  differ  by  a  factor  of  two 
from  the  value  predicted  by  a  bio-opdcal  model.  Similar  statements  can  be  made  for  othn  lOP’s,  such  as  the  spectral 
scattering  coefficient  b(K)  (Gordon  and  Morel^),  and  for  AOP’s  such  as  the  diffuse  attenuation  coefficient  for 
downwelling  irradiance,  K^X)  (Morel^). 

Our  interest  lies  in  understanding  the  "random"  variability  in  lOP’s  and  AOP’s.  Wie  believe  that  the  "random” 
variability  also  can  be  explained  in  terms  of  the  microbial  composition  of  case  1  waters,  if  we  progress  beyond  the 
overly  simplified  parameterization  of  microbial  composition  in  terms  of  the  chlorophyll  concentration  alone. 
Consider,  for  example,  one  water  body  that  has  relatively  many  small  cyanobact^a  and  relatively  few  large  diatoms, 
which  together  give  a  total  chlorophyll  concentration  of  Chi  =  0.4  mg  m“^.  Another  water  body  with  relatively  many 
large  diatoms  and  relatively  few  small  cyanobactoia  might  also  have  Chi  =  0.4  mg  m~^.  However,  we  expea  that 
the  optical  properties  of  these  two  water  bodies  will  differ  noticeably.  This  is  because  bulk  optical  prc^rties  are 
determined  by  the  optical  properties  of  the  individual  particles,  by  the  particle  concentrations,  and  by  particle  size 
distributions,  any  of  which  may  differ  in  the  two  water  bodies  just  mentioned. 

It  is  extremely  difficult  to  separate  unambiguously  the  optical  effects  of  different  classes  of  miaobes  in  field 
experiments,  because  natural  waters  invariably  contain  many  kinds  of  microbes.  Our  api»'oach  to  umlerstanding  the 
optical  roles  of  different  miaobes  is  thaefore  based  on  laboratory  measurements  made  on  monospecific  cultures  and 
on  numerical  modeling.  Both  the  laboratory  measurements  and  the  numerical  models  give  us  a  controlled 
environment  in  which  we  can  vary  input  parameters  (e.g.,  irradiance,  particle  types  and  concentrations)  at  will,  and 
then  observe  the  results. 

Quantitative  studies  of  how  the  miaobial  composition  of  a  wata  body  determines  its  lOP’s  requires  first  that 
we  know  the  optical  properties  of  individual  miaobes.  These  single-particle  absorption  and  scattering  properties 
depend  not  only  on  particle  type,  but  also  on  the  physiological  state  of  the  particular  microbe  (Stramski  and  Morel^) 
and  on  the  time  of  observation  ova  a  day-night  cycle  (Stramski  and  Reynolds^).  Once  the  single-particle  optical 
properties  are  known  (as  functions  of  microbe  type  and  {^lysiological  state),  they  can  be  convolved  with  measured 
or  assumed  concentrations  to  determine  the  bulk  absorption  and  scattering  properties  of  a  given  wata  body.  The  way 
in  which  we  do  this  is  outlined  in  Section  2. 

In  orda  to  study  how  miaobial  composition  affects  the  AOP’s  of  a  water  body,  we  can  insert  the  bulk  lOP’s 
into  a  radiative  transfa  model  that  cotmects  the  bulk  lOP’s  with  environmental  conditions  such  as  incident  lighting, 
sea  state,  and  bottom  conditions  and  computes  the  radiance  distribution  throughout  the  water  body.  The  radiance 
distribution  immediately  yields  all  quantities  of  interest  to  optical  oceanographers:  irroliances,  flT-fiinctions, 
reflectances,  and  so  on.  Our  radiative  transfer  model  is  described  in  Section  3. 

In  Section  4  we  present  some  illustrative  results  of  our  approach  to  undastanding  how  microbial  composition 
leads  to  variability  in  the  lOP’s  and  AOP’s  of  natural  watas. 

2.  INHERENT  OPTICAL  PROPERTIES  OF  MICROBIAL  PARTICLES 

In  our  simulations,  the  needed  lOP’s  are  built  up  as  sums  of  contributions  from  pure  wata  and  from  the 
various  miaobial  components  of  the  water  body.  Thus  the  total  absorption  and  scattering  coefficients  are  given  by 

M  M 

a(z,X)  =  5^  a,(z,A,)  and  biz,^)  =  5^f»,(z,X),  (1) 

1  =  1  i  =  1 
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respectively,  and  the  total  scattering  phase  function  is  given  by 


biizX) 

bizX) 


P/(VA). 


(2) 


Here,  z  is  the  depth  and  y  is  the  scattering  angle.  The  sums  over  i  represent  sums  over  the  M  components  of  die 
water  body;  we  consider  here  Af  =  S  components.  Accordingly,  we  let  i  =  1  label  pure  water  and  let  i  =  2  label 
viruses  (typically  0.07  pm  in  size),  i  =  3  label  heto^otroptuc  bactoia  (-0.5  pm),  i  =  4  label  cyanobacteria  (-1  pm), 
and  1  =  5  label  small  diatoms  (-4  pm).  Note  that  the  component  absorption  and  scattoing  coefficients  generally  vary 
with  both  depth  and  wavelength  (except  for  pure  wat^,  i  =  1,  for  which  and  6]  vary  only  with  wavelength).  For 
simplicity  we  assume  that  the  component  phase  functions  vary  only  with  wavelength;  this  is  reasonable  because  the 
phase  function  is  determined  by  particle  type.  The  component  scattering  coefficients  b^  depend  on  particle 
concentrations,  which  generally  vary  with  depth.  Thus  the  total  phase  function  does  vary  with  depth,  because  of  the 
b^/b  weighting  factors  on  the  component  phase  functions. 

The  component  absorption  and  scattering  coefficients  are  determined  from  basic  relationships  between  the 
bulk  optical  coefficients  and  the  single-particle  properties  (e.g..  Morel  and  Bricaud^: 

a.(2,X,)  =fVi(z)[oa(X)].  (3) 

biizX)  =  A^,(z)[<yb(X)].  (4) 

where  Nf,z)  is  the  numerical  concentration  of  particles  (number  of  particles  per  m^)  representing  the  »***  component 
at  a  depth  z,  (©^(A,)!,  is  the  absorption  aoss  section  (m^  per  particle)  of  a  "mean"  particle  of  the  r***  component,  and 
IOb(A,)l,  is  similarly  the  scattering  cross  section.  Although  the  cross  sections  [©^(A,)),-  and  (ab(A,)],  do  not  describe  any 
individual  particle  that  actually  exists,  these  quantities  are  single-particle  properties  in  the  sense  that  upon 
multiplication  by  the  particle  concentration,  the  bulk  property  of  the  particle  suspension  is  obtained.  In  the  present 
simulations  we  assume  that  the  optical  cross  sections  for  a  given  microbial  component  do  not  vary  with  depth.  In 
general,  however,  these  cross  sections  may  vary  with  the  position  of  the  microbial  population  within  the  water 
column,  as  a  result  of  photoadaptive  changes  in  cells  or  other  physiological  adjustments  to  varying  growth  conditiotrs. 

We  here  rely  on  an  appproach  to  determine  [aa(A,)],,  (a^(A,)),,  and  P,  (V,A,)  that  is  a  combination  of 
laboratory  experiments  with  microbial  cultures  and  theoretical  modeling  in  the  area  of  particle  optics  (e.g.,  Stramski 
and  Kiefer^).  This  approach  can  be  summarized  as  follows.  First,  the  microorganisms  of  interest  (say  die  i**' 
component  in  our  equations  above)  are  grown  in  laboratory  culture  under  well  defined  conditions  (e.g.,  irradiance, 
temperature,  and  nutrient  supply).  The  spectral  absorption  and  beam  attenuation  coefficients  of  these  microbial 
suspensions  are  measured  with  a  spectrophotometer  using  special  geometrical  configurations.  These  measurements 
are  usually  done  in  the  spectral  region  from  350  to  750  nm  with  a  1  nm  interval.  The  size  distribution  of 
miCToorganisms  and  their  concentration  are  also  determined  with  a  microscope  or  electronic  particle  analyzer.  From 
these  data,  the  attenuation  [Oc(A,)]j  and  absorption  [a,(A.)],  cross  sections  of  the  "mean"  ceil  representing  the  examined 
population  are  calculated  as  the  ratio  of  the  bulk  optical  coefficients  measured  on  the  suspensions  to  the  concentration 
of  cells.  The  scattering  cross  section  (<J(,(X)J,  is  obtained  as  the  difference  (Oj.(X)J,  -  [©^(A,)!,. 

Next,  the  imaginary  and  real  parts  of  the  refractive  index  of  microorganisms  are  derived  from  inverse 
calculations  based  on  a  theory  of  light  absorption  and  scattering  by  a  homogeneous  spherical  particle,  which  includes 
Mie  scattering  theory  and  some  approximation  for  absorption  efficiency  (e.g.,  van  de  Hulst^  Bohren  and  Huffinan^. 
The  input  to  these  inverse  calculi^ons  is  the  measured  size  distribution  as  well  as  the  absorption  and  attenuation 
efficiency  factors  as  determined  from  the  measurements.  Hnally,  once  the  refractive  index  is  determined,  the  Mie 
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scattering  calculations  are  made  in  a  direct  way  (again  using  the  measured  size  distribution  as  ii^ut)  to  determine  the 
phase  function  pi,  (\|/,X)  of  the  microorganisms. 


The  optical  cross  sections  and  phase  functions  for  heterotrophic  bacteria,  cyanobacteria,  and  diatoms  used  in 
this  study  were  obtained  through  the  above  described  a^p'oach.  Specifically,  the  data  on  unicellular  cyanobacteria 
represent  oceanic  cells  of  the  genus  Synechococcus  (strain  WHS  103)  grown  in  a  nutrient-replete  culture  under  a  day- 
night  cycle  in  natural  irradiance  (Stramski  et  For  the  purpose  of  this  study,  we  use  the  avo-age  values  for  the 
optical  prop^es  of  these  cells  based  on  15  measurements  made  during  two  days  over  a  diel  cycle.  The  data  on 
small  diatoms  were  similarly  obtained  from  a  diel  expoiment  with  the  marine  centric  diatom  Thalassiosira 
pseudonana  (Stramski  and  Reynolds^).  We  here  use  the  optical  properties  of  these  cells  averaged  from  25 
measurements  made  over  a  day-night  cycle  during  three  days.  The  data  on  heterotrophic  marine  bacteria  are  averages 
of  three  experiments  made  with  natural  populations  of  such  cells  grown  in  unenriched  seawater  (Stramski  and 
Kiefer^).  No  optical  measurements  of  marine  viruses  are  available,  so  we  determined  the  optical  properties  of  the 
particles  from  Mie  theory,  assuming  a  reasonable  size  distribution  and  refractive  index  with  no  absorption  (Stramski 
and  Kiefer*  *). 

For  brevity,  we  present  detailed  results  only  at  a  wavelength  of  X  =  443  nm  (which  is  the  center  of  one  of 
the  CZCS  and  SeaWiFS  ocean  color  satellite  bands),  although  we  are  performing  analogous  calculations  throughout 
the  visible  spectrum.  Table  1  shows  the  single-particle  absorption  and  scattoing  cross  sections  (m^  per  particle)  and 
"typical"  and  "high"  concentrations  (particles  per  m^)  in  case  1  waters  for  the  four  microbial  types  listed  above.  The 
"typical"  concentrations  shown  in  Table  1  are  average  values  for  case  1  watos.  The  "high"  concentrations  are 
representative  of  bloom  conditions  for  cyanobacteria  and  for  diatoms.  These  concentrations  are  based  on  Stramski 
and  Kiefer**.  Figure  1  shows  the  scattering  phase  functions  p,  (y,X  »443),  as  used  in  Eq.  (2). 


Fig.  1.  Phase  functions  at  X  =  433  nm  for  the  five  components  as  used  in  Eq.  (2). 
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Table  1.  Single-particle  cross  sections  and  albedos  of  single  scattering  at  443  nm,  and 
concentrations,  for  microbial  components. 


component* 

(mb 

(mb 

typical 

concentration 

(m-b 

high 

concentration 

(m-^) 

2 

0.0 

4.406-18^ 

1.00 

7.0+12 

1.0+14 

3 

1.993-15 

6.225-14 

0.97 

7.0+11 

1.5+12 

4 

2.355-13 

8.595-13 

0.78 

1.0+10 

1.0+11 

5 

7.360-12 

2.301-11 

0.76 

5.0+8 

1.0+9 

*  identified  in  the  text 
t  4.406-18  means  4.406x10"**,  etc. 


3.  RADIATIVE  TRANSFER  NUMERICAL  MODEL 

The  numerical  model  that  we  use  to  compute  the  radiance  distribution  is  described  in  Mobley*^.  The 
mathematical  details  of  the  model  are  given  in  great  detail  in  Mobley*  ^’*^.  We  therefore  give  only  a  qualitative 
description  of  the  model  here.  It  is  compared  with  other  numerical  models  in  Mobley  et  al}^.  The  model  as  we  use 
it  in  the  present  study  is  based  on  die  following  assumptions: 

•  The  water  body  is  horizontally  homogeneous,  but  die  lOP’s  can  vary  arbitrarily  with  depth.  This  reduces  die 
problem  to  one  spatial  dimension:  the  depth. 

•  The  air-water  surface  is  represented  by  numerically  determined  radiance  reflectance  and  transmittance 
functions  that  describe  the  time-averaged  effects  of  a  wind-blown  sea  surface  that  is  covered  by  random 
capillary  waves. 

•  The  lower  boundary  of  the  water  body  can  be  either  a  Lambertian  surface  reixesenting  a  sandy  or  muddy 
bottom  at  some  finite  dqith,  or  an  infinitely  deep  layer  of  water  lying  below  the  greatest  dqith  of  interest. 

•  The  incident  light  falling  onto  the  sea  surface  is  specified  by  giving  the  radiance  distribution  of  the  sky,  either 
from  observed  data  or  from  analytic  models  of  the  sky  radiance. 

•  The  water  does  not  contain  any  internal  light  sources  such  as  bioluminescence,  and  inelastic  processes  such 
as  fluorescence  or  Raman  scattering  are  omitted. 

•  The  radiance  is  monochromatic  and  unpolarized. 

In  order  to  solve  for  the  radiance  at  a  given  wavelength,  the  model  requires  bulk  lOP’s  as  functions  of  d^)th, 
the  sky  radiance  distribution,  the  wind  speed  (which  diamines  the  statistical  nature  of  the  random  air-water  surface), 
and  the  bottom  type.  Given  this  information,  numerically  efficient  methods  based  on  invariant  imbedding  theory  are 
used  to  compute  the  fiill  radiance  distribution  at  prechosen  dq)ths  within  the  water,  as  well  as  the  radiance  distribution 
leaving  the  water  surface.  Various  irradiances  and  AOP’s  are  obtained  directly  from  the  computed  radiance 
distribution. 
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4.  EXAMPLE  SIMULATIONS 


In  order  to  illustrate  our  methods,  we  ^ow  results  from  simulations  of  water  bodies  composed  of  pure  water 
plus  one  to  four  microbial  components  in  typical  or  high  concentrations.  The  five  componrats  as  discussed  in  Section 
2  and  corresponding  to  the  notation  of  Eqs.  (1)  and  (2)  are 

{  =  1:  pure  water 
i  =  2:  marine  viruses 
1  =  3:  heterotrophic  marine  bactoia 
i  =  4:  oceanic  cyanobacteria  (Synechococcus) 

1  =  5:  small  diatoms  (Jhaiassiosira  pseudonana). 

The  data  from  Table  1  and  Figure  1  of  Section  2  inrovide  the  information  necessary  to  construct  the  lOP’s 
a(443),  bi443)  and  p,-  (y,443),  which  are  needed  as  input  to  the  radiative  transfer  model.  For  component  5  at  a 
typical  concentration,  for  example,  we  have 

*5(443)  =  (2.3OIXIO"”  m%.OxlO*  m  "^)  =  0.0115  m  , 

which  is  about  2.4  times  the  corresponding  scattoing  coefGcient  of  pure  water,  *|(443).  We  place  the  sun  at  the 
zenith.  The  sun’s  direct  beam  contributes  70%  of  die  total  irradiance  incident  onto  the  sea  surface,  and  a  uniform 
sky  radiance  contributes  the  remaining  30%.  Ifre  total  irradiance  incident  onto  the  sea  airface  is  set  to  1  W  m~^ 
nm~^  all  radiometric  quantities  (such  as  and  E^,  discussed  below)  are  scaled  to  this  value.  The  wind  speed  is 
taken  to  be  5  m  s~^  (although  the  sea  state  is  of  little  importance  for  the  sun  at  the  zenith).  We  take  the  water  to  be 
homogeneous  (lOP’s  indqiendent  of  dqith)  and  infinitely  deep. 

Figure  2  shows  the  effects  of  typical  concentrations  of  the  individual  microbial  components  on  die  scalar 
irradiance  E^{z,X  =  443  nm),  as  simulated  by  the  radiative  transfer  model.  The  ri^tmost  curve  is  that  fix'  pure  water. 
The  curve  for  pure  water  plus  viruses  at  a  typical  concentration  of  7.0xl0~’^  m~^is  indistinguistudile  from  the  curve 
for  {mre  water  only.  The  curve  labeled  "heterotrophic  bacteria"  is  for  pure  water  plus  a  typical  concentration  of 
heterotrophic  bacteria,  and  so  on.  The  curve  labelled  "all  together"  is  pure  water  plus  a  typical  concentration  of  each 
of  the  four  microbial  components.  For  pure  water,  a  depdi  of  z  =  100  m  corresponds  to  about  1.9  optical  depths;  for 
the  case  of  all  components  together,  100  m  is  just  over  nine  optical  depths.  Figure  2  is  presented  to  illustrate  the 
modeling  |xocess  and  the  ease  with  which  we  can  isolate  the  effects  of  individual  microbial  componoits  on 
radiometric  quantities.  These  simulations  took  only  a  few  minutes  on  a  Sun  SPARCStation2  computer. 

Table  2  shows  near-surface  values  of  three  quantities  frequently  used  in  optical  oceaiiogra{diy.  is  die 
upwelling  (zenith,  or  nadir- viewing)  radiance,  i.e.,  the  radiance  heading  upward  into  a  small  solid  angle  centred  on 
the  zenith  direction.  is  the  diffuse  attenuation  coefficient  for  downwelling  irradiance  E^,  and  R  =  EJE^  is  the 
iiradiance  reflectance.  Each  of  the  values  as  seen  in  Table  2  is  for  X  =  443  nm  and  for  z  »  0,  i.e.,  just  below  the  sea 
surface.  Because  we  have  placed  the  sun  at  the  zenidi  and  taken  the  water  to  be  homogeneous,  there  is  not  much 
variation  of  and  R  with  dqith.  The  table  includes  values  computed  widi  both  typical  and  high  concentrations  for 
the  microbial  components,  in  selected  combinations. 
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Fig.  2.  Scalar  irradiance  for  different  combinations  of  pure  water  and  microbial  components. 


Table  2.  Upwelling  radiance  L^,  diffuse  attenuation  K^,  am)  irradiance  reflectance  R  for  various 
combinations  of  pure  water  and  microbes.  All  quantities  are  at  X  =  443  nm  and  at  a  dqidi  just  below 
the  sea  surface.  The  numbers  in  parentheses  are  the  percentage  change  compared  to  the  value  for  pure 
water  seen  in  row  1. 


simulation 

R 

(W  m-2  ST"*  nm"*) 

(m-b 

1. 

pure  water  only 

0.0136 

0.0182 

0.0496 

2. 

typical  viruses 

0.0136  (0) 

0.0182  (0) 

0.0498  (0) 

3. 

high  viruses 

0.0143  (+5) 

0.0184  (+1) 

0.0525  (+6) 

4. 

typical  heterotroi^c  bacteria 

0.0130  (-4) 

0.0201  (+10) 

0.0507  (+2) 

5. 

high  het^otrophic  bacteria 

0.0129  (-5) 

0.0222  (+22) 

0.0532  (+7) 

6. 

typical  cyanobacteria 

0.0119  (-13) 

0.0207  (+14) 

0.0437  (-12) 

7. 

high  cyanobacteria 

0.0057  (-58) 

0.0431  (+137) 

0.0299  (-40) 

8. 

typical  diatoms 

0.0111  (-18) 

0.0221  (+21) 

0.0405  (-18) 

9. 

high  diatoms 

0.0094  (-31) 

0.0260  (+43) 

0.0343  (-31) 

10. 

typical  all  together 

0.0098  (-78) 

0.0264  (+45) 

0.0381  (-23) 

11. 

cyanobacteria  bloom 

0.0053  (-61) 

0.0488  (+168) 

0.0212  (-57) 

12. 

diatom  bloom 

0.0064  (-53) 

0.0402  (+212) 

0.0251  (-49) 
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A  brief  discussion  of  Table  2  is  in  order.  The  first  row  in  the  body  of  Table  2  gives  values  as  computed  for 
pure  water  only.  The  second  row  gives  values  for  pure  water  plus  a  typical  concentration  of  marine  viruses;  thCTe 
is  no  significant  change  in  Z^,  K^,  or  R  compared  to  the  pure-water  case.  At  a  high  concentration,  we  see  that  viruses 
increase  by  about  five  percent,  by  one  percent,  and  R  by  six  percent,  over  the  pure-water  case.  These 
increases  are  a  consequence  of  the  increase  in  scattering  caused  by  the  viruses:  more  light  is  now  being  backscattared 
from  downward  to  upward  directions,  and  so  and  R  increase.  The  loss  of  downwelling  radiance  to  backscattering 
results  in  a  slight  increase  in  K^.  We  note  next  (lines  4  and  5)  that  the  addition  of  heterotrophic  bactaia  to  pure 
water  decreases  at  443  nm  by  a  few  percent.  We  are  now  seeing  the  combined  effects  of  both  absorption  by  the 
heterotrophic  bacteria  (recall  that  the  viruses  were  assumed  to  be  nonabsorbing)  and  of  the  dramatic  change  in  the 
shape  of  the  phase  function  of  the  heterotrophic  bacteria  compared  to  that  of  the  viruses  (which  is  vay  similar  to  that 
of  pae  water).  The  reflectance  R  increases  with  the  addition  of  the  heterotrophic  bactaia.  F*ure  water  plus 
cyanobacteria  (lines  6  and  7)  leads  to  a  decrease  in  both  and  R.  These  qualitative  diffaences  in  the  behavior  of 
R  for  heterotrophic  and  cyanobacteria  are  presumably  a  consequence  of  the  fact  that  the  cyanobactaia  are  relatively 
more  efficient  absorbers  on  a  per-cell  basis  than  are  the  hetaotrophic  bacteria.  Recall  firom  Table  1  that  the  single¬ 
scattering  albedos  are  tOj,  =  0.97  and  (Oj,  =  0.78  for  heterotrophic  and  cyanobacteria,  respectively.  Even  trends  such 
as  the  increase  or  decrease  in  R  are  difOcult  to  predict  a  priori,  and  quantitative  evaluations  of  such  changes  can  be 
obtained  only  through  numerical  modeling. 

The  remaining  lines  of  Table  2  show  the  results  for  [Hire  water  plus  diatoms,  for  pure  water  plus  all  microbial 
components  together  at  typical  concentrations,  and  for  two  simulated  phytoplankton  blooms.  To  simulate  the  blooms, 
we  simulated  the  water  body  as  having  all  microbial  components  present  at  typical  concentrations  (as  in  line  10) 
except  for  the  bloom  component,  which  was  set  to  the  corresponding  high  concentration  seen  in  Table  1. 

We  emphasize  that  even  the  qualitative  behavior  (e.g.,  inaeasing  or  decreasing  or  R)  seen  in  Table  2  holds 
only  for  these  particular  simulations  at  this  wavelength.  Even  the  trends  can  be  opposite  at  other  wavelengths.  For 
example,  simulations  at  X  =  660  nm  using  exactly  the  same  microbial  components  and  concentrations  always  show 
increases  in  and  R,  compared  to  the  pure-water  values.  This  is  presumably  because  the  microbes  remain  highly 
scattering  at  660  nm:  the  single-scattering  albedos  0)^  are  greater  than  0.88  for  all  microbes. 

We  next  consider  simulations  in  which  we  hold  the  chlorophyll  concentration  Chi  constant  as  we  vary  the 
concentrations  of  cyanobacteria  and  diatoms.  In  the  first  simulation,  we  take  typical  concentrations  of  all  microbes 
except  for  the  diatoms.  For  the  diatoms,  we  use  a  concentration  of  1.13x10^  m"^,  which  is  typical  of  bloom 
conditions.  The  average  per-cell  chlorophyll  concentrations  for  cyanobacteria  and  diatoms  as  measured  in  the 
laboratory  studies  described  in  Section  2  are 

Chi  *(cyano)  =  5.235x10”*^  mg  cell 
and 

Chi  ’(diatom)  =  3.091x10"*®  mg  cell  "* . 


Thus  the  total  chlorophyll  concentration  of  the  water  is 


r 


CM  = 


5.235x10"’2 

cell 


1.00x10 


10  cells 


m- 


+  (3.091xl0"‘®)(l.  13x10®) 


=  0.40  mg  m 


-3 


SPIE  Vol.  2258  Ocean  Optics  XII  (1994)  1  191 


In  the  second  simulation,  we  set  the  diatom  concentration  to  its  typical  value  and  increased  the  cyanobacteria 
concentration  to  4.7x10*®  m“^,  which  is  rqjresentative  of  a  weak  bloom.  The  chlorophyll  concentration  remains  at 

Chi  =  (5.235x10”*^)  (4.7x10*®)  +  (3.091xl0"*®)  (5.0x10*)  =  0.40  mg  m 


Table  3  shows  the  results  at  both  X  =  443  and  660  nm  for  these  two  simulated  blooms.  There  are  several 
points  to  note  in  these  results.  First,  at  443  nm  both  types  of  bloom  significantly  decrease  and  R,  from  their  pure- 
water  values,  whereas  at  660  nm  the  blooms  increase  and  R.  This  is  an  example  of  the  trends  mentioned  in  the 
discussion  of  Table  2.  But  note  also  that  when  going  from  a  diatom  bloom  to  a  cyanobacteria  bloom,  and  R 
decrease  at  443  nm,  whereas  they  increase  at  660  nm. 


Table  3.  Results  of  simulations  for  which  the  chlorophyll  concentration  is  held  fixed  at 
C  =  0.40  mg  m“^. 


simulation 

(W  m  ^  sr“*  run  *) 

(m-*) 

R 

X  =  443  nm 

pure  water  only,  for  reference 

0.0136 

0.0182 

0.0496 

typical  cyanobacteria,  high  diatoms 

0.00815 

0.0313 

0.0317 

typical  diatoms,  high  cyanobacteria 

0.00721 

0.0356 

0.0285 

X  =  660  run 

pure  water  only,  for  reference 

9.300-5* 

0.4164 

3.365-4 

typical  cyanobacteria,  high  diatoms 

1.191-4 

0.4209 

4.947-4 

typical  diatoms,  high  cyanobacteria 

1.239-4 

0.4207 

5.315-4 

*  9.3(X)-5  means  9.300x10  etc. 


5.  FUTURE  WORK 

The  preceeding  discussion  is  intended  only  to  illustrate  our  modeling  process.  This  work  is  continuing  at 
other  wavelengths.  We  already  have  available  the  single-particle  cross  sections  ^m  350  nm  to  750  nm  and  die  phase 
functions  at  ten  selected  wavelengths  for  the  four  microbial  types  discussed  above.  A  proper  simulation  of  case  1 
waters  must  include  additional  microbial  types,  in  particular  the  larger  phytoplankton.  Determination  of  the  needed 
cross  sections  and  phase  functions  is  in  progress. 

Moreover,  it  is  not  sufficient  to  consider  only  average  single-particle  optical  properties  for  a  given  microbial 
type  or  species,  as  we  have  done  above.  Stramski  and  Reynolds^  have  shown,  for  examine,  that  the  single-particle 
absorption  and  scattering  cross  sections  of  Thalassiosira  pseudonana  can  vary  by  35  percent  and  80  percent, 
respectively,  between  their  minima  near  sunrise  and  their  maxima  near  sunset.  The  coming  availability  of  such  data 
will  allow  us  to  study  the  optical  consequences  of  intra-species  variability,  just  as  we  have  done  above  for  inter¬ 
species  variability  in  particle  concentrations.  More  realistic  simulations  can  also  involve  non-uniform  vertical 
distributions  of  the  concentrations  of  various  microorganisms. 

We  note  also  that  our  methods  are  equally  tq^Iicable  to  the  analysis  of  case  2  waters,  which  may  contain 
high  concentrations  of  dissolved  substances  and  mineral  particles. 
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1.  ABSTRACT 

Using  a  modified  form  of  the  anomalous  diffraction  approximation  we  have  been  able 
to  derive  in  closed  form  an  analytic  expression  for  the  phase  fimction  of  Mie  scatterers 
integrated  over  an  inverse  power  law  (Junge)  size  distribution.  The  analysis  explains  the 
apparent  singularity  seen  experimentally  at  the  forward  scattering  angle.  Simple  relation¬ 
ships  are  also  derived  that  relate  the  inverse  power  law  as  a  function  of  scattering  angle 
in  the  near  forward  direction  to  the  power  law  of  the  size  distribution.  The  parameters 
of  the  formula  are  the  relative  index  of  refraction  and  the  inverse  power  of  the  size  dis¬ 
tribution.  A  comparison  is  given  between  the  analytic  formula  and  exact  integration  of 
the  Mie  scattering  for  spheres.  This  new  phase  function  is  used  in  the  analysis  of  forward 
angle  transmissometer-nephelometer  data  collected  by  DREV  in  the  Arctic,  Atlantic  and 
Pacific. 


2.  INTRODUCTION 

Many  empirical  formulae  have  been  suggested  as  empirical  fits  to  the  phase  function 
of  oceanic  waters^  They  are  often  used  in  models  of  the  light  field  and  in  analyses  of 
optical  system  performance.  Some  work  has  also  been  carried  out  on  fitting  experimental 
phase  functions  to  the  exact  Mie  scattering  solution  numerically  integrated  over  assumed 
or  measured  particle  size  distributions*"^*.  The  former  solutions  have  the  advantage  of 
simplicity  and  analy  ticity.  They  allow  some  progress  to  be  made  in  the  treatment  of  difficult 
multiple  scattering  problems.  However  the  peirameters  used  and  the  forms  chosen  are  not 
directly  based  on  the  physics  of  the  problem.  In  general,  no  information  about  physical 
parameters  such  as  the  mean  index  of  refraction  or  the  particle  size  distribution  can  be 
extracted.  The  latter  exact  Mie  solutions  allow  one  to  extract  some  information  about  the 
physical  parameters  from  the  phase  functions.  These  solutions,  being  purely  numerical, 
are  extremely  inconvenient  to  use  when  dealing  with  light  propagation  problems.  The 
present  work  tries  to  address  this  dichotomy  by  using  a  simple  set  of  approximations  to 
derive  from  the  basic  physics  an  analytic  phase  frmction  whose  parameters  can  be  related 
to  a  limited  set  of  physically  meaningful  quantities. 

3.  DERIVATION  OF  THE  PHASE  FUNCTION 
In  order  to  obtain  the  phase  function  of  an  ensemble  of  spherical  particles  one  must 
perform  the  following  integral. 

=  r  (?.(x)  P(e,  x)  F(r)  dr  (1) 

Jo 

In  equation  1,  r  is  the  particle  radius  and  x  =  2nr/X,  the  particle  size  parameter.  In  this 
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case  A  is  the  wavelength  of  the  illtuninating  source.  Q«(x)  is  the  scattering  efficiency  which 
is  defined  as  the  ratio  of  the  particle  scattering  cross-section  to  the  geometric  cross-section. 
P{$,  x)  is  the  single  particle  scattering  fvinction  normalized  to  unity  when  integrated  over 
4ir  steradians.  F(r)  is  the  particle  size  distribution  function. 

It  has  been  noted  that  to  a  first  approximation  the  measured  particle  size  distributions 
in  the  ocean  follow  an  inverse  power  law  (Junge  distribution). 


Assuming  a  distribution  of  this  type  it  is  instructive  to  write  equation  1  in  terms  of  the 
particle  size  parameter  x. 

m  =  c{^X  T  r Q.(x)P(0,x)x'‘-'‘dx  (2) 

It  is  interesting  that,  as  was  noted  by  Morel^,  equation  2  predicts  an  inverse  power  re¬ 
lationship  as  a  function  of  wavelength  for  the  total  scattering  coefficient  and  that  this  is 
purely  a  property  of  the  distribution  function,  independent  of  the  particle  shape.  The  only 
requirement  is  that  the  index  also  be  independent  of  wavelength  over  the  range  of  interest. 

A  second  important  conclusion  can  be  drawn  immediately  from  an  analysis  of  eqiiation 
2:  the  phase  function  will  be  infinite  in  the  forward  direction  {6  =  0).  This  singularity 
occurs  because  in  the  large  particle  limit,  Q,{x)  =  2  as  required  by  Babinet’s  principle  and 
P(0,  x)  oc  X*.  This  last  relationship  is  due  to  the  fact  that  the  width  of  the  central  forward 
diffraction  peak  of  a  finite  object  narrows  inversely  as  the  square  of  the  size  parameter 
and  therefore  the  normalized  amplitude  of  the  scattering  at  9  =  0  must  increase  as  the 
square  of  x.  It  shoiild  be  noted  that  this  scaling  is  due  to  the  wave  nature  of  light  and 
will  apply  even  in  the  case  of  irregularly  shaped  finite  particles  with  the  proviso  that  the 
size  parameter  be  replaced  by  some  effective  size  parameter  such  as  that  of  the  volume 
equivalent  sphere.  Therefore,  for  any  inverse  power  particle  size  distribution  such  that 
3  <  /i  <  5,  j5(0)  — »  oo. 

rVom  an  analysis  of  equation  2  we  can  show  that  for  small  finite  angles  the  scattering 
coefficient  approaches  infinity  as  an  inverse  power  of  6.  Chen^^  has  recently  shown  that 
for  large  particles  with  modest  indices  of  refraction 

P{e,  x)  =  iV(x)p(2x  sin(^/2))  (3) 

to  a  good  approximation.  N{x)  is  the  normalization  factor  obtained  when  one  integrates 
the  scattering  function  over  the  sphere  and  p(z)  is  the  unormalized  scattering  function. 
If  we  now  define  two  new  variables  u  =  2sin(d/2)  and  z  =  xu  and  substitute  them  in 
equation  2,  we  obtain: 

-I  foo 

~Xj  Jo  (4) 

The  angular  dependence  in  the  kernel  of  equation  4  is  now  contained  in  the  normalization 
factor  N(z/u)  and  in  Q,{z/u).  As  mentioned  previously  for  large  particles  which  dominate 
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the  scattering  near  the  forward  direction  Qg  =  2  and  N(z/u)  oc  It  therefore 

immediately  follows  by  substitution  of  these  expressions  into  equation  4  that  in  the  near 
forward  direction 

m  oc  ^  (5) 

Since  u  — »  ^  for  small  values  of  Q  the  near  forward  scattering  varies  as  an  inverse  power 
of  B  This  corresponds  to  the  small  angle  scattering  behavior  seen  experimentally^^.  This 
behavior  at  and  near  ^  =  0  means  that  when  a  perfect  nephelometer  is  operated  very  near 
the  forward  direction  it  will  measure  its  own  diffraction  limit  as  the  point  where  a  roll  over 
from  the  inverse  power  law  occurs. 

The  conclusions  we  have  reached  tire  different  from  those  of  Morel*.  The  discrepancy 
arises  because  he  has  not  taken  into  account  the  normalization  factor  in  P(0,  x).  For  fi  = 
5  the  rate  of  divergence  of  /d(0)  as  a  fimction  of  the  upper  limit  of  the  integral  in  equation 
2  is  logarithmic.  It  is  therefore  extremely  difficult  to  verify  convergence  numerically  by 
integrating  the  phase  fimction  given  by  a  Mie  code  over  a  particle  distribution.  Increasing 
the  upper  limit  of  integration  by  an  order  of  magnitude  only  increases  ^(0)  by  a  small 
factor.  Given  the  limited  computer  resources  avmlable  at  the  time,  the  statements  by 
Morel  about  the  numerical  convergence  of  0(0)  are  perfectly  understandable. 

The  relative  index  of  oceanic  particles  is  generally  close  to  unity.  This  is  precisely  the 
regime  where  anomalous  diffraction  theory  applies^*.  A  simple  expression  for  Q,(x)  can 
be  obtained  in  this  regime.  For  real  values  of  the  relative  index  n, 

Q,(x)  =  2  -  (4/p)sinp  +  (4p*)(l  -  cosp).  (6) 


p  =  2(n  —  l)x  is  the  phase  difference  between  an  unscattered  ray  and  the  central  ray 
through  the  particle.  Elquation  6  predicts  a  series  of  gentle  oscillations  that  ultimately 
damp  down  to  a  constant  value  of  2  for  large  p.  Although  Q«(x)  has  a  relatively  simple 
expression,  it  does  not  lead  to  a  simple  expression  when  one  tries  to  further  integrate 
equation  2.  We  therefore  replace  it  by  the  following  approximate  expression. 


QM 


pV2 

(1  +  pV4) 


(7) 


This  expression  has  the  same  asymptotes  as  equation  6  for  both  small  and  large  particle 
sizes  but  does  not  model  the  oscillations.  The  hope  is  that  since  we  will  be  performing  an 
integral  over  a  Junge  distribution  the  contribution  of  the  oscillations  will  be  minimized. 
More  accurate  approximations  could  be  used  but  at  the  cost  of  increased  complexity  in 
the  final  result. 

The  phase  function  is  more  difficult  to  model  even  in  the  anomalous  diffraction  approx¬ 
imation.  For  spheres  it  leads  in  general  to  expressions  that  cannot  be  reduced  to  simple 
functions^*.  However,  Van  de  Hulst  has  shown  that  in  the  limiting  case  of  small  p  the 
functional  form  of  the  anomalous  diffraction  phase  function  reduces  to  the  same  functional 
form  as  that  given  by  Rayleigh-Gans  theory.  In  the  opposite  limit  of  large  p,  the  anomalous 
diffraction  phase  function  converges  for  moderate  angles  to  the  standard  diffraction  theory 
result.  These  results  have  recently  been  confirmed  by  Klett*®  and  Chen^*.  Klett  also  shows 
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that  polarization  is  maintained  in  the  anomalous  diffraction  approximation.  This  means 
that  all  phase  functions  for  impolarized  light  will  have  the  standard  multiplication  factor 
of  (1  +  cos^  ^)/2.  Note  that  this  factor  is  independent  of  particle  size  and  can  therefore  be 
immediately  taken  outside  the  integral  for  Both  the  Rayleigh-Gans  and  the  diffrac¬ 
tion  formulae  involve  Bessel  functions.  As  in  the  case  of  the  extinction  efficiency  these  do 
not  lead  to  simple  results  when  the  integral  is  carried  out  in  equation  2.  We  have  chosen  to 
approximate  the  Rayleigh-Gans  expression  by  a  function  which  models  the  central  peak. 
The  resulting  normalized  phase  function  is  given  by 


P(^  =  i_ii±i£V3l 

^  47r(l+ti2x2/3)' 


(8) 


u  =  2  sin(0/2)  (9) 

Substituting  equations  7  to  9  into  equation  2  ,  performing  a  partial  fraction  decomposition 
of  the  kernel  and  integrating  leads  to  the  following  result 

\  A  /  8sm(— 1 


-TTU) 


(1  -  62)6* 


Where 


and 


(wi  -<)-(!-  r)!  +  ^1(1  -«•■+■)  -  (»  +  i)(i  -  «)l). 
3  —  p 


V  = 


6  = 


u 


3(n  -  1)2 ' 


(10) 

(11) 

(12) 


4.  DISCUSSION 

FVom  equations  10  to  12  it  is  easy  to  show  that  in  the  limit  of  small  angles  we  obtain 
the  same  result  as  equation  5.  We  notice  that  the  constant  of  proportionality  depends  on 
all  the  parameters  but  the  inverse  power  v  of  the  phase  function  near  ^  =  0  only  depends 
on  the  inverse  power  p  of  the  particle  size  distribution  function. 

1/  =  6  -  p  (13) 

The  slope  of  the  phase  function  near  B  =  Q  contains  information  only  about  the  power  law 
of  the  particle  size  distribution.  As  was  mentioned  previomly  the  variation  of  the  total 
scattering  coefficient  b  will  also  be  an  inverse  power  7  of  the  wavelength. 

7  =  p  -  3  (14) 

Equations  13  and  14  can  be  used  to  relate  the  wavelength  dependence  of  the  total  scattering 
coefficient  to  the  logarithm  of  the  slope  of  the  phase  function  as  a  function  of  angle  in  the 
near  forward  direction. 

7  =  2-1/  (15) 
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We  are  currently  attempting  to  verify  this  important  relationship  by  using  the  experimental 
results  of  the  NEARSCAT^  transmissometer-nephelometer.  Figure  1  is  a  graph  of  7  against 
u  where  the  solid  line  is  the  theory  and  the  squares  are  the  data  points  from  NEARSCAT. 
The  dashed  line  is  the  least  squares  fit  to  the  data.  The  slope  for  the  two  lines  are  the 
same  but  the  intercept  has  a  positive  offset  of  .25  which  we  cannot  explain  at  this  time. 

Figure  2  is  a  graph  of  the  results  of  equation  10  plotted  against  numerical  computations 
using  both  the  full  anomalous  diffraction  model  and  calculations  firom  a  Mie  code.  The 
index  was  1.05  and  the  particle  size  power  law  had  an  exponent  of  3.5.  The  expressions 
were  integrated  using  an  order  512  gaussian  integration  scheme  from  x  =  .2  to  x  =  4000.. 
The  results  are  not  normalized.  Both  the  Mie  and  the  anomalous  diffraction  approximation 
were  still  not  converged.  In  order  to  fully  converge  the  computations  special  versions  of  the 
Mie  code  valid  to  i  =  100,000  are  required.  We  are  currently  working  on  improving  the 
numerical  algorithms  in  order  to  be  able  to  compare  our  theory  with  properly  converged 
Mie  results.  This  illustrates  the  difficulty  one  can  encoimter  when  trying  to  estimate  from 
theory  the  scattering  behavior  near  6  =  0. 

Figure  3  is  a  graph  of  the  experimental  data  of  Petzold*^  for  San  Diego  harbor.  The 
solid  line  is  a  fit  to  the  data  using  equation  10.  We  chose  this  data  because  the  scattering  is 
almost  exclusively  due  to  particles.  In  this  case  the  contribution  of  the  water  background 
scattering  is  negligible.  The  value  of  fj,  in  equation  10  was  chosen  by  using  the  measiuod 
slope  as  a  function  oi6  {u  =  1.346)  in  equation  13.  The  index  was  varied  to  obtain  a  best 
visual  fit  (n  =  1.12).  The  absolute  values  were  normalized  at  ^  =  .1*.  The  value  of  1.12 
for  the  mean  index  of  refraction  is  compatible  with  the  one  given  by  Mie  code  integrations. 

5.  CONCLUSIONS 

We  have  proven  that  for  an  inverse  power  particle  size  distribution  there  exists  a 
singulcu'ity  at  ^  =  0  for  all  powers  ^  such  that  3  <  ^  <  5.  We  have  also  shown  that 
under  mild  restrictions,  for  small  angles  fi{6)  oc  This  leads  to  an  interesting 

relationship  between  the  inverse  power  of  the  small  angle  scattering  and  the  inverse  power 
of  the  total  scattering  coefficient  as  a  function  of  wavelength.  We  have  begun  to  verify  this 
relationship  using  experimental  data  from  our  small  angle  nephelometer-transmissometer. 
We  have  derived  a  simple  approximate  pareunetric  form  for  the  oceanic  phase  function. 
We  have  attempted  to  compare  this  form  with  both  Mie  calculations  and  experimental 
data.  Because  of  the  difficult  problems  of  numerical  convergence  our  comparison  with  Mie 
results  has  met  with  limited  success.  We  are  currently  trying  to  reformulate  the  numerical 
integration  in  a  way  that  would  allow  direct  comparisons  to  be  made  at  more  modest  cost 
in  computing  time.  The  experimental  fit  gave  encouraging  res\ilts  and  equation  10  can  be 
used  for  this  purpose.  The  accuracy  of  the  mean  index  values  obtained  is  still  up  to  debate 
at  this  time. 

It  should  be  noted  in  passing  that  the  reality  of  the  inverse  power  behavioiu:  of  scat¬ 
tering  as  a  function  of  at  small  angles  is  a  measure  of  the  remarkable  size  extent  of  the 
Junge  distribution.  The  reasons  for  the  enormous  apparent  range  of  validity  of  this  be¬ 
havior  are  far  from  clear.  Water  turbulence,  which  would  have  an  inverse  power  spectnun 
of  1/x**/®,  could  be  involved.  These  effects  need  careful  further  study. 
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Power  dependance  of  wavelength  vs  angle 


Figure  1.  Plot  of  the  inverse  power  7  of  the  total  scattering  coefficient  as  function  of 
wavelength  i^ainst  the  inverse  power  u  of  small  angle  forward  scatter. 
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Figure  2.  Comparison  the  analytic  formula  with  the  results  of  a  numerically  integrated 
Mie  code  and  anomalous  dii&action.  {pt  =  3.5,  n  =  1.05) 


Figure  3.  Comparison  of  the  analytic  formula  with  the  Petzold  data  for  San  Diego  harbor. 
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ABSTRACT 

The  backscattering  coefHcient  of  the  marine  hydrosol  is  recognized  as  an  important  optical  parameter  to  extract  finom  the 
radiance  and  irradiance  data  of  the  hydrosol.  One  of  die  imxe  promising  algorithms  for  extracting  this  parameter,  utilizing 
remotely  sensed  reflectance,  has  been  proposed  by  ZanevekL  He  arrived  at  his  algorithm  by  integrating  the  radiative  traisfer 
equation  and  simplifying  the  resultant  geometrical  shape  facuxs  of  the  light  field  in  the  algorithm.  We  have  studied  the  unifi¬ 
cations  of  the  simpli^  algorithm  with  the  Naval  Research  Lab  (NRL)  optical  model,  a  Monte  Cario  simulation  of  the  radiative 
transfer  equation  using  standard  absorption  and  elastic  scattering  coefificieots  for  the  water  molecule,  organic  matter,  and 
minetogenic  matter.  The  known  inputs  of  inherent  optical  properties  can  be  used  with  the  radiant  flux  ouqiuts  to  check  and 
verify  algorithms  that  invert  the  measured  irradiance  streams  for  inherent  t^cal  pn^ietties.  The  results  indicate  that  the 
inversion  of  the  backscattering  coefficient  fiom  remoteley  sensed  rdRec  tance  is  in  error  in  the  range  of  a  40%  overestimate  to  a 
10%  underestimate  of  this  parameter.  The  ernxs  are  dqiendent  on  both  the  solar  angle  and  the  constituents  contributing  to 
backscattering.  Knowledge  about  the  general  shrqie  of  the  backscattering  function  of  agiven  hydrosol  will  be  necessary  for  the 
most  successful  inversion  algorithms. 


2.  INTRODUCTION 

The  propagation  of  light  through  the  ocean,  it's  diversion  into  biological  and  physical  processes,  and  it's  reemittance  into  the 
atmosphere  have  been  primary  concerns  of  hydrologic  optics.  The  algorithms  rdated  to  ocean  color  and  remote  sensing  are 
attempts  to  account  fw  the  various  fates  of  light  in  the  ocean  based  on  the  light  that  is  sensed  on  a  remote  platfmm,  either  aircraft 
or  satellites.  A  majcu’  goal  is  to  invert  the  qrtical  properties  of  the  marine  hydrosol  from  the  properties  ci  the  remotely  sensed 
light  signal.  From  these  data  and  relationships  many  processes  can  be  studied,  such  as  the  primary  production  fruced  by  the 
penetrating  light  field.  One  attempt  to  construct  an  aigmithm  for  drese  purposes  came  from  Zaneveld*'^,  based  on  radimive 
transfer  theory.  An  important  optical  parameter  to  be  inferred  from  this  algorithm  is  the  backscattering  coefficient  of  the 
hydrosol,  a  significant  factor  in  the  generation  of  the  nadir  radiance,  the  major  source  of  infmmation  for  remote  sensing. 

The  radiative  transfer  equation  from  radiative  transfer  thewy  rdates  the  radiances  and  irtadiances  of  the  sulmiarine  light  field 
to  the  inherent  optical  inoperties  of  the  marine  hydrosol.  The  inherent  optical  properties  of  the  hydrosol,  i.e.  molecular  proper¬ 
ties,  include  total  absorption  a,  (X,z),  total  scattering  hp(X,z),  and  the  volume  scattering  function  P(y,X,z).  The  wavelength 
dqiendence  of  the  inhe^t  (qrtical  properties  and  the  tight  field  itself  will  be  implicit  for  the  rest  of  this  rqxxt  Zaneveld 
proposed  an  algorithm  based  on  the  remotely  sensed  reflectance,  RSRsL(icVE^  ,  the  ratio  of  the  nadir  radiance  tote  downwelling 
scalar  irradiance.  He  derived  from  the  radiative  transfer  equation  a  fruKtional  relationship  between  the  RSR,  the  total  absorp¬ 
tion  coefficient,  and  the  backscattering  coefficient.  The  total  scattering  coefficient  can  be  divided  into  forward  scattering,  b^, 
and  backward  scattering,  b^,  components.  The  total  absorption  and  backscattering  prcqierties  of  the  hydrosol  are  the  most 
important  in  generating  te  remotely  sensed  signal.  In  diis  report  we  analyze  Zaneveld's  algorithm. 

Monte  Carlo  methods  provide  the  mode  for  analyzing  te  Zmieveld  algorithm.  We  apply  te  NRL  blue  water  model  with 
appropriate  extensons  to  account  for  biological  components  of  open  water  and  Case  1  type  coastal  waters  of  high  phytqilank- 
ton  and  upwellings.  The  input  parameters  are  the  various  inherent  qxical  properties  of  the  marine  hydrosol  and  te  output  of  the 
model  is  te  irtadiances  generated  by  a  particular  hydrosol  with  two  separate  conditions  of  solar-sl^tight  irradiation.  Since  we 
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know  thebackscattering  coefficient  a  priori,  it  is  possible  to  e^u^  the  Zaneveld  algorithm's  d^ty  to  d^ennine  the  backseat- 
tering  co^Hcient 


3.TiI^HtY 

Zaneveld  fonnulated  relationships  to  ex|dain  the  propagmioB  ol  die  nadir  radiance  dnou^  the  bydrosol  derived  from  die 
radiative  transfer  eolation.  The  propagation  of  any  radiance  through  the  hydiosol  is  given  by. 

COS0  =  _  cMe,^.z)  +  L  •(e.^,2)  (1) 

dz 


where 

L*(0.^,z)  =  ^**  fp(Y)M0f.#'.2)sin0fd0rd«' , 


(2) 


and 


cosy  =  cos0cos9  -  siii0sinffcos(^-^')  , 


(3) 


where  L*(0,^,z)  is  the  path  function.  P(y,z)  is  the  volume  scattering  function  for  the  angle  between  the  0,^  radiance  trajectory 
and  the  8'.4)' trajectory  ^  the  radiance  contributing  a  scattering  component  to  the  radiance,  0  is  the  zenith  angle,  4  is  the  azimuth 
angle,  z  is  the  geometrical  dqMh,  and  c  is  the  beam  attenuadtm  coefficient  which  equals  (a  h,),  the  absorption  coefficient  plus 
the  total  scattering  coefficient  The  path  function  represents  the  flux  scattered  into  die  radiance  L^0,f,z)finom  all  other  radiances 
L(0'v^’,z)  at  dq>th  z.  Next  restrict  our  consideration  to  the  radiative  transfer  of  the  nadir  radiance  L(a),  no  azimuth  infixmation 
needed 


= -cL(jt.z)+L  *(it,z) 
dz 


(4) 


Assuming  that  the  path  function  is  continuous  from  0  •  x  radians,  we  can  divide  Eq.  (2)  into  a  component  int^rated  over  the 
downwelling  hemisphere  and  a  component  integrated  over  the  iqiwelling  hemisphere 


L*(x,z)=f*  r'*p(x-ff,z)L(er,^’.z)sinOrderd^'  (5) 

wO 

and 

L*(x,z)=fk(z)^E,,(z)-i-fL(z)b,L(x.z)  . 
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where  is  the  backscatteringstuqw  factor  at  depth  z,  and  ^  is  the  forward  scattering  shape  factor.  Jtisreadilyseen 

that  backscattering  contributes  to  the  nadir  radiance  from  the  downwelling  hemisphere  and  fcxward  scattering  contributes  to  the 
nadir  radiance  from  the  upwelling  hemisphere.  The  mean  value  theorem  of  calcidus  allows  us  to  define  a  function  that  reidaces 
the  volume  scattering  function  under  the  first  integral  of  Eq.  (S)  and  remove  the  volume  scattering  function  while  the  radiances 
of  the  downwelling  hemisphere  are  integrated  to  give  the  downwelling  scalar  irradiance.  .  The  function  that  is  equivalent  to 

is  f^  (z)b^  (z)/2n  where  the  f^  (z)  backscattering  shape  factor  accounts  for  the  difference  between  the  ”mean  backscat- 
t«ing  function"  and  die  volume  scattering  function  in  the  badtward  scattering  angles.  The  f^  (z)  function  can  be  either  greater 
than  or  less  than  one.  Furthermore,  the  nadir  radiance,  L(ic,z),  is  removed  from  the  second  integral  of  Eq.  (S)  and  the  P(K-d',z) 
function  is  integrated  to  give  b, .  If  the  upwelling  radiance  distribution  were  perfeedy  uniform,  then  the  nadir  radiaiKe  multi¬ 
plied  by  the  forward  scattering  coefficient  would  give  the  forward  scattered  contribution  to  the  nadir  radiance.  The  forward 
scattering  coefficient  f,^  accounts  for  any  deviation  of  the  above  condition  from  the  actual  upwelling  radiance  distribution. 
Substituting  Eq.  (6)  into  Eq.  (4) 

=  -cL(ic,z)-t-  /,(z)^E^(z)+ /L(z)by(z)L(ii,z)  , 


recalling 


^^^  =  -k(jl,z)L(7t,z)  , 
dz 


and  substiuiting 


rSR(x)  =  M«:2)  = - — 2g -  (7) 

E^(z)  k(K,z)+c{z)-/Lb/(z)L(ii,z)  . 

In  order  to  solve  Eq.  (7)  we  are  required  knowledge  of  the  absorption  coefficient  and  of  the  shape  factors’.  Zaneveld'  estimated 
the  range  of  the  shape  factors  utilizing  knowledge  of  sunny  and  overcast  radiance  distributions  in  the  surface  layers  and  Mie 
calculations  estimating  volume  scattering  functions  for  an  assumed  range  ttf  particle  sizes  and  refractive  indices.  The  rqxrrted 
range  for  f^  was  0.810  - 1.267  while  that  for  ^  was  1.001  - 1.111.  iZaneveld  then  conclutted  that,  to  within  30%  error,  the  total 
backscattering  coefficient  could  be  determined  if  one  assumed!^  =  1.0.  The  absorption  coefficient  would  be  determined  by 

independent  methods’ . 

Inversion  attempts  that  ignore  the  geometry  of  the  light  field  and  the  shape  of  the  volume  scattering  function  can  be  hazard¬ 
ous  however*-’ .  Thus,  the  approximation  of  unity  for  the  two  shape  factors  enumerated  above  is  open  to  question,  and  Monte 
Carlo  methods  were  employed  to  investigate  the  utility  of  these  approximations.  The  NRL  optical  model,  extended  from  blue 
water  to  coastal  waters’ ,  was  used  with  known  inputs  for  water,  organic  matter,  and  minerogenic  matter.  With  the  radiance 
output  of  this  model  and  the  known  input  of  inherent  q>tical  prx^xities,  the  ^  and  ^  parameters  can  be  calculated  directly.  The 
inversions  made  from  Zaneveld's  algorithm  on  the  same  data  can  be  determined  and  compared  with  the  knovm  backscatterir^ 
coefficient  and  the  shape  factors.  The  backscattering  coefficient  is  determined  by  rearranging  Eq.  (7)  after  substituting 
(a,+  hj)forc 


b  (z)  =  ,  [k(K,z)-^a(z)^^b^(l-fL)] 

Eoj(z)  *  [ffc/2K-m7t,z)/E«,(z)] 


This  exact  equation  is  then  converted  to  the  following  when  the  shape  factors  have  been  assumed  equal  to  unity 
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b,(^)  = 


(9) 


L(7I.z)  ^  [k(g.z)  +  a(z)] 

E^(z)  *  [1/271 +  U7c.z)/E^(z)]  • 


4.  METHODS 

The  NRL  Blue  Water  model*  has  been  extended  in  this  study  to  include  events  occurring  from  open  ocean  to  coastal  Case  1 
waters.  Scattering  and  abswption  have  been  partitioned  into  the  following  components:  algae,  heterotrophic  bacteria,  (tetrital 
(organic),  dissolved  colored  organic  material  (gelbstoff)<  quartz-Iike  material,  and  molecular  water.  The  model  is  parameterized 
to  chlorophyll  concentration  and  simulations  were  made  in  the  range  &x>m  0.0S  mg/m*  -  20.0  mg^o* .  In  keqring  with  an 
interest  in  such  problems  as  utilizing  remote  sensing  data  to  determine  chlcHt^hyll  levels,  the  wavelength  for  all  simulations  was 
440  nm.  At  this  wavelength  the  effects  of  internal  sources  of  radiation,  water  Raman  scattering  and  organic  fluorescence,  were 
felt  to  be  minimal  so  they  were  not  included  in  the  simulation.  Internal  sources  can  be  included  easily  if  necessary.  The  power 
of  the  Monte  Carlo  technique  is  the  ability  to  study  the  individual  effects  of  each  and  every  component  in  the  processes  of 
absorption  and  scattering,  then  to  extract  which  component  rqrpears  to  dominate.  The  algal  component  is  further  subdivided  into 
two  parts:  a  small  cell  component  (Chlorophyll  1.0  mgAn  * )  and  a  large  cell  component  (Chlorophyll  >1.0  mg/m* )  which 
taken  together  are  referred  to  as  the  "standard  model.”  The  two  cell  components  were  also  used  in  Ae  total  chlorophyll  range, 
however,  to  study  the  effects  of  the  model  assumptions.  The  criterion  for  division  between  "small"  and  "large”  algal  cells  was 
a  cellular  diameter  of  2|im.  The  small  algal/cyanobacterial  cell  is  felt  to  be  typical  of  open  ocean  conditions  and  the  larger  cell 
model  was  felt  to  be  typical  of  coastal-type  conditions*-* .  The  complete  array  of  inherent  optical  properties  and  their  sources  are 
discussed  in  Weidemann  and  Stavn* . 

The  model  simulations  are  carried  out  at  solar  zenith  angles  of  11*  (air  mass  1)  and  60*  (air  mass  2)  with  33.8%  (air  mass  1) 
and  52.4%  of  the  global  radiation  due  to  skylight*.  All  simulations  are  for  homogeneous  conditions  with  a  flat  water/air  inter¬ 
face. 

The  output  of  the  Monte  Carlo  simulations,  radiances  and  irradiances,  is  combined  with  the  input  of  inherent  optical  proper¬ 
ties  to  calculate  values  of  f^  and  f  Then  the  Zaneveld  algorithm  (Eq.  9)  is  used  to  estimate  b^  for  the  marine  hydrokrl  of  a 
particular  chlorophyll  concentration  and  sky  condition.  The  estimated  b^  is  then  compared  with  the  known  b^  that  was  used  in 
the  Monte  Carlo  model  to  generate  the  radiance  and  irradiance  output  The  estimate  of  the  error  in  b^  is  made  over  one 
attenuation  length  (1/K^ )  to  conform  with  results  of  other  studies  indicating  that  90%  of  the  water-leaving  radiance  utilized  in 
passive  remote  sensing  studies  is  the  result  of  interactions  within  the  ffrst  attenuation  length  at  the  surface'* .  There  were  from 
4  to  7  depth  increments  in  each  surface  attenuation  length  in  the  model  runs.  At  each  dqtth  increment  b^  was  estimated  from  Eq. 
(9)  and  the  percent  error  was  defined  as 


-  b,,(RSR)-bfc(actual)^^^QQ 
b,,  (actual) 


(10) 


The  "mean  percent  error”  was  the  average  of  calculations  made  from  Eq.  (10)  over  the  depth  increments  that  comprised  one 
attenuation  length. 


5.  RESULTS 

Air  mass  1  results  for  the  mean  percent  error  calculation  and  the  backscattering  shape  factor  are  plotted  in  Fig.  1.  Weseethat 
the  mean  percent  error  of  the  b^  estimate,  for  chlorophyll  concentrations  less  than  1  mg/m*,  are  in  the  range  of  35  -  48%  with  the 
values  appearing  to  vary  around  the  38%  level.  The  ^  values  in  the  same  chlon^yll  range  are  about  1.34  - 1.41.  Both  the 
mean  percent  error  and  the  f^  values  drop  precipitously  as  chltxophyll  concentration  increases  beyond  1  mg/m* .  At  the 
maximum  concentration  of  chlorophyll  (20  mg/m* ),  the  mean  percent  error  drops  to  about  12%  and  the  f^  value  drops  to  about 
1.02. 

The  air  mass  2  results  are  plotted  in  Fig.  2.  Here  the  mean  percent  error  is  about  10%  at  0.05  mg/m  chlorophyll  concentration 
and  it  drops  steadily  to  about  1%  at  2  mg/m* .  The  f^  values  in  the  same  chlorophyll  range  are  from  about  1.04  to  0.98.  The 
increase  in  chlorophyll  concentration  up  to  20  mg/m*  results  in  a  mean  percent  error  of  -  8%  and  an  f^  value  of  about  0.85. 

In  Table  1.  we  have  the  results  of  f^  calculations  partitioned  among  the  components  of  the  model  and  for  air  masses  1  and  2. 
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Each  component  makes  a  consistent  contribution  to  the  shape  factor  no  matter  what  the  chl(X(q)hyU  concentration,  so  the  results 
atl  m^^  chlon^yll  concentration  were  chosen  as  a 'median”  value  of  chlorophyll  concentration  widi  the  individual  compo- 
nent  contributions  essratially  constant  over  the  entire  chlort^yll  range. 


Ihble  1.  Shtqte  Factors  at  1  mg/tai*  Chlon^yll.  0  m  dqpth,  440  nm 


total 

^fcocuri* 

Air  Mass  1 

147 

1.39 

2.40 

0.85 

0.57 

AirMass2 

0.998 

1.15 

0.85 

0.13 

0.72 

Thef^  value  for  the  total  hydtosol  changes,  but  the  individoal  components  do  not  ~  the  cause  of  the  variation  in  the  total 
value  is  a  weighted  average  of  the  component^  values.  The  water  component  appears  to  have  the  strongest  effect  on  die  total 
f^  value  while  quartz-like  material  would  be  next  in  effect  This  weighting  changes  with  increase  in  chloit^yll  and  causes  the 
total  ^  to  decrease  with  increase  in  chlmtqihyll  as  is  seen  in  Rgs.  1  and  2.  The^  values  decrease  from  air  mass  1  to  air  mass 
2  with  the  excqition  of  the  algal  component 


6.  DISCUSSION  AND  CONCLUSIONS 

The  initial  prediction  of  Zaneveld  that  the  error  in  utilizing  his  algorithm  would  be  approximately  30%  is  an  adequate  first 
order  assertion.  We  see  fiom  the  data  in  Fig.  land  Fig.  2  however  that  this  error  range  is  not  one  of  random  error  but  rather  of 
systematic  error  caused  by  at  least  two  different  factors:  solar-sky  radiance  disuibutions  and  relative  concentration  of  optically 
active  components  of  the  hydrosol.  In  qien  ocean  water  the  error  of  estimate  is  consistently  high  (the  backscattering  coefficient 
is  consistently  overestimat^)  and  greater  than  was  predicted.  As  chlorophyll  concentration  increases  and  the  Case  1  water 
becomes  more  coastal  in  quality  the  error  of  estimate  for  the  backscattering  coefficient  decreases  under  air  mass  1  conditions. 
The  error  of  the  backscattering  estimate  under  air  mass  2  conditions  is  lower  in  the  tqien  ocean  and  decreases  with  increase  in 
chlorophyll;  however  the  errcH'  becomes  negative  (the  backscattering  coefficient  is  underestimated).  The  variation  in  the  error 
andthe^  coefficient  is  hypeibdic  in  the  range  ImgAn^  to20mgAn*  for  both  air  mass  conditions  but  the  asymptotes  differ.  The 
algorithm  based  on  Eq.  (9)  systematically  overestimates  the  backscattering  coefficient  at  low  chkatqihyll  values  under  air  mass 
1  conditions  and  systematici^y  underestimates  the  backscattering  coefficient  at  high  chlorophyll  values  unfer  air  mass  2  condi¬ 
tions. 

The  other  pattern  that  appears  in  Figs.  1  and  2  is  that  the  systematic  error  inherent  in  Eq.  (9)  can  be  explained  in  large  part  by 
the  assumption  that  f^  sQ.  The  magnitude  of  the  mean  percent  error  is  tracked  well  by  the  magnitude  of  1^  forallchlon^yll 
concentratkms,  and  the  value  will  often  snve  to  predict  the  error  in  the  algcvithm.  At  high  chhxophyll  concentrations  the 
error  is  not  predicted  wdl  by  the  value  so  that  the  assumption  about  ^  is  probably  coming  into  play  arid  making  a  contribution 
to  the  overall  error  of  inverting  the  b^  value. 

The  changes  in  the  patterns  of  the  backscattering  shape  factor  can  be  exidained  in  part  by  die  changes  in  the  optically  active 
components  of  the  hydrosol.  Quartz-like  material  especially  has  an  extremely  high  1^  value  under  air  mass  1  conditions  and 
apparently  is  instrumental  in  stimulating  high  values  of  the  total  ^  in  the  open  ocean,  the  increase  in  chlorophyll  and  thus  of 
algae  brings  the  ^  value  down  with  increase  of  chkxqihylL  Under  air  mass  1  conditions  the  components  average  out  to  an 
apfvoximate  value  of  1.0  at  20  mg/lm*  chloiophyll  concentration.  Under  air  mass  2  conditions  the  components  of  the  hydrosol 
have  a  different  backscattering  stupe  factor  bixause  the  radiance  distribution  is  different  and  the  volume  scattering  function  is 
thus  interacting  in  a  new  fashion  with  the  radiance  field .  We  must  recall  that  tiie  assumptions  of  Eq.  (9)  are  essentially  that  the 
radiance  distribution  is  uniform  and  that  the  backscattering  lobe  of  all  the  hydtosol  components  is  uniform.  Thus  we  see  the 
need  for  detailed  examination  of  interactions  of  all  possible  hydrosol  components  in  proporing  remote  sensing  algorithms.  The 
interactions  of  the  hydrosol  components  with  the  radiance  field  are  highly  individual,  and  any  increase  in  one  component  such 
as  from  an  algal  bloom  or  storm-derived  delivery  of  excess  minetogenic  material  into  coastal  waters  has  the  potentiid  of  signifi¬ 
cantly  altering  the  upwelling  radiance  signal  in  a  complex  fashion. 


206  tsm  Vo/.  2250  Ocean  Optics  Xll  (1994) 


7.  SUMMARY 


1.  Erracs  in  estimating  the  badcscirtteringcoefiBcieM  occur  syatemntira^  not  amlamfy. 

2.  Separate  regimes  can  be  identified:  an  open  ocean  high  encr  system  (ChkraphyO  <  1  ^  ),  and  a  coastalAqnveUing  low 

eaor  system  (ChlortqAyll  >1^  mg/hi* ). 

3.  Ilie  geometrical  shape  factors  associated  with  the  submarine  light  field  are  strongly  conelated  with  the  errors  estiniatioa  of 
the  backscattcring  coefficient 

4.  Geom^rical  shape  factors  are  a  functkm  of  solar  angle  and  particulate  composition;  they  are  required  for  the  most  accurate 
estimates  from  remote  sensing. 


S.  ACKNOWLEDGEMENTS 

We  wish  to  acknowledge  the  continuing  support  of  the  Naval  Research  Laboratory  through  the  Ocean  Optics  Characteriza¬ 
tion  Program,  and  the  Optics  Program  of  the  Office  of  Naval  Research  under  grant  #  N00014-89-J-3137-P00(X)S.  Conqxiter 
simulations  are  carried  out  in  conjunction  with  the  North  Carolina  SuperconqMting  Center.  Research  lYiangle  Park.  NC.  and  the 
Primary  Oceanognqrhic  Prediction  System  ofdie  Naval  OceanogrqdiicOffi^SSC.  MS.  This  article  represents  NRL  contribu¬ 
tion  #  NRL/IA/7331-94.0037 


REFERENCES 

1.  JJR.V.  Zaneveld.  "Remotely  sensed  reflectance  and  its  dependence  on  vertical  structure:  a  theoretical  derivation,”  Apl.  Opt., 
21,41464130, 1982. 

2.  JJl.V.  2^aneveld.  "An  asymptotic  closure  theory  for  irradiance  in  the  sea  and  its  inversion  to  obtain  the  inherent  optical 
properties,"  Limnol.  Oceanogr.,  34, 1441-1452, 1989. 

3.  A.D.  Weidemann  and  R.H.  Stavn,  "Error  in  predicting  hydrostd  backscatter  from  remotely  sensed  reflectance,"  submitted  to 
J.  Geophys.  Res. 

4.  Rii  Stavn  and  JJI.V.  Zaneveld,  "Geometrical  slu^  factors  in  remote  sensing  algorithms  for  backscattering:  partitioning 
and  estimating,"  submitted  to  J.  Geophys.  Res. 

5.  RiL  Stavn  and  A  J>.  Weidemann,  "Shiqre  factors,  two  flow  models,  and  the  problem  of  irradiance  inversion  in  estimating 
optical  pararo^ers,"  Limnol.  Oceanogr.,  34, 1426-1441, 1989. 

6.  R.IL  Stavn  and  A.D.  Weidemann,  "Optical  modeling  of  ocean  light  fields:  Raman  scattering  effects,"  Apyr/.  Opt.,  27, 4002- 
4010, 1988. 

7.  A.  Morel  and  A.  Bricaud,  "Inherent  optical  pmpesties  of  algal  cells  including  picoplankton:  Theoretical  and  experimental 
results,"  Can.  Bull.  Fish.  Aquatic  Sci.,  214,  S21-SS9, 1986. 

8.  A.  Morel,  Y.-H.  Ahn,  F.  Partensky,  D.  Vaulot,  and  H.  Claustre,  "Prochlorococcus  and  Synechococcusr.  A  comparative  study 
of  their  optical  properties  in  relation,  to  their  size  and  pigmentation,"  J.  Mai;  Res.,  SI.  617<649, 1993. 

9.  D.T.  Brine  and  M.  Iqbal,  "Diffuse  and  global  solar  qiectral  irradiance  under  cloudless  skies,"  Solar  Energy,  30, 4474S3, 
1983. 

10.  Hit.  Gordon  and  A.  Morel,  "Remote  assessment  of  ocean  colo’  for  interpretation  of  satellite  visible  imagery,"  in  Lecture 
Notes  on  Coastal  and  E<ni«rin«»  .SmdiM.  R.T.  Barber,  C.K.  Moons.  MJ.  Bowman,  and  B.  Zeitschel.  eds.,  pp.  1-113,  Springer 
Verlag,  New  York.  1983. 


SPIE  Vol.  22S8  Ocean  Optics  XII  (1994)  /  207 


□  ■ 

O  O 


B  00 


Chlorophyll  (mg/m^) 


Figure  1.  Badrecatiering  shape  factor^  on  teftveitkal  axis  and  mean  peicent  error  (rfbackscaoering  coefficient 
inversion  on  right  verticai  axis,  air  mass  1. 440  nm.  For  badacttietingsiBye  factor  standard  model  wift 

bacteria,  0«standanl  model  widioat  bacteria,  O  ■  small  cdl  model  widi  bacteria,  A  «  small  cell  model 
without  bacteria.  For  mean  percent  error  standard  modd  widi  bacteria,  ■>  standard  model  widioat 
bacteria,  #>sman  cell  model  with  bacteria,  A  «  small  ceDmoddwidMot  bacteria. 
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Hgure2.  Backscattering  shape  factor  on  left  vertical  axis  and  mean  percent  error  of  backscattering  coefficient 

inversion  on  right  vertical  axis,  air  mass  2, 440  nm.  For  badcscttteringshqte  factor  □  s  standard  model  with 
Ixicteria.  O  »  standard  modd  without  bacteria,  O  »  small  cell  model  with  bacteria,  A  »  small  cell  model 
without  bactnia.  Fw  mean  percent  error  •«  standard  model  with  bacinia,  ■«  standard  model  without 
bacteria,  ♦  asmall  cell  model  with  bacteria,  A  »  small  cell  model  without  bacteria. 
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ABSTRACT 

The  goal  of  this  work  is  to  verify  of  different  spectral  models  of  the  difiuse  attenuation  and  absorption  coefficients 
of  sea  water  and  to  work  out  recommendation  of  their  using.  It  is  shown  the  spectral  models  of  the  diffuse 
attenuation  coefficient  developed  by  Austin,  Petzold,  1984  and  by  Volyn^,  Sud’bin,  1992  correspond 

right  each  other,  as  well  the  models  of  Ivanov,  Shemshura,  1973  and  of  Kopelevich,  Shemshura,  1988  for 
calculation  of  the  spectral  absorption  coefficient  a(j^  on  tlie  values  of  K^j^x).  Theoretical  foundation  of  the 
relation  between  a(x)  and  (x)  is  given.  The  up-to-date  physical  model  of  the  sea  water  light  absorption 
is  considered  and  checked  by  means  of  comparison  with  measur^  values  of  the  attenuation  coefficient  at  the 
ultraviolet  and  visible  spectral  ranges. 


1.  INTRODUCTION 

The  need  for  estimation  of  the  spectral  values  of  the  sea  water  optical  characteristic  knowing  only  its  value  at 
a  single  wavelength  is  encountered  often  in  practice.  Especially  in  relation  to  the  difiuse  attenuation  and 
absorption  coefficients  which  spectral  values  determine  the  penetration  and  utilization  of  solar  energy  in  upper 
ocean.  In  particular  this  problem  arises  concerning  the  remote  sensing  observations  e.g.  the  CZCS  or  fortcoming 
SeaWiFS  satellite  ocean  color  sensors.  The  different  spectral  models  of  the  difiuse  attenuation  and  absorption 
coefficients  have  been  developed  up  to  date,  and  the  comparison  between  them  is  important  for  their 
verification.  For  assessment  of  potential  effects  on  marine  phytoplankton  of  increased  UV  radiation  due  to  the 
stratospheric  ozone  depletion  is  necessary  to  know  how  the  UV  radiation  penetrates  into  upper  ocean,  so  a 
possibility  of  the  extrapolation  of  the  mo^ls  to  the  UV  region  must  be  stuffied. 

2.  SPECTRAL  MODELS  OF  THE  DIFFUSE  ATTENUATION  COEFFICIENT 

Fiist  spectral  model  of  the  difiuse  attenuation  coefficient  K^j  was  developed  by  Jerlov^>^  in  a  state  of  the  Jericv 
water  types.  The  problem  was  re-examined  by  Pelevin,  Rutkovskaya^  in  1977-1979.  They  calculated  the 
regression  equations  of  the  form 


Kd(A)  =  AU)  +  BCx)Kd(A*),  (1) 

where  X*  ~  500  run  and  x  ranged  from  400  to  600  nm.  Tltc  regression  errors  were  less  than  0.02  m‘  *  if 
K^(500)  <  0.2  m-*. 

Similar  approach  was  applied  by  Austin,  Petzold  in  1984^  ;  the  developed  model  was  corroborated  in  19905 
(the  original  model  was  b^d  on  data  of  76  spectra  of  K^(x)  measured  in  tropical  to  mid-latitude  waters;  tiK 
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re-examination  was  on  83  spectra  covering  ocean  latitudes  from  24°  to  77° ).  The  regression  equations  were 
computed  of  the  form  (1);  K^(490)  was  used  as  the  input  parameter.  The  spectral  range  was  3S0-700tun  with 
5  nm  step  (values  of  the  slope  BCx)  for  350, 3SS  and  360  tun  were  estimated  by  extrapolation);  K^(490)  values 
ranged  fiom  0.025  to  0.245  m'^  ;  standard  deviations  of  the  differences  between  the  calculated  taid  measured 
values  of  were  less  than  0.03  m~^  for  650  tun. 

Volynsky,  Sud’bin^  applied  the  expansion  by  the  eigenvectors  of  the  covariance  matrix  M[K^CXi)fK(j(Aj)) 
to  approximate  at  the  spectr^  range  410-590  nm 

KdCx)  =  KdCx)  (2) 

where  ate  the  mean  values  of  K^(a)>  Vi(a)  ^  the  eigeiwectors  of  the  covariance  matrix  ;  ej  are 
the  expansion  coefBcients.  The  total  set  of  data  itKluded  333  spectra  of  K^Cx)  and  was  subdivided  into  three 
subsets;  l.Kd(500)<  0.11m-*  (N=177);  2.0.11  <Kd(500)<  0.6  m-1  (N=84);  3.  Baltic  Sea  (N=72).  For 
the  joint  set  1+2  the  first  term  of  the  series  (2)  takes  account  94.7%  of  the  total  dispersion,  tlie  two  first  tenns 
97.8%.  It  is  of  interest  to  compare  the  models^'^  with  one  input  parameter  within  the  range  of  K^(490)  values 
comprised  by  the  modeH.  Comparison  was  performed  by  calculating  K^Cx)  by  means  of  the  models  AP^and 
VS^  (the  latter  is  Eq. (2)  with  n=l)  for  the  selected  values  of  Kj(490)^.  Values  of  Kj(x)and^(;^)  were  taken 
for  the  joint  set  1+2°;  the  coefficient  e^  was  found  from  (2)  at  tire  4%  lun:  e  j  =  (Kj(490)  -  Kj(490)l/Vi(490). 

The  differences  =  K^^CXi)  -  K^j'^^CXiland  ratios  /Kj'^^CXi)  as  well  the  standard  deviation 

and  the  mean  ratio  l/m^^^  over  the  spectral  range  410-590  lun  were  computed 


(m=19  with  10  tun  step). 

Table  1.  The  standard  deviations  and  the  mean  ratios  S  (comparison  of  the  models  AP  and  VS) 
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Figure  1  shows  examples  of  K^(a)  values  calculated  by  models  AP  and  VS  for  K(|(490)  =  0.03  and  0.12 
m**  .  As  seen  from  Table  1  and  Figure  1,  the  models  AP  and  VS  give  results  corresponding  each  other  quite 
well.  So  we  suppose  both  of  the  models  are  adequate  for  calculation  of  spectral  values  of  K^Cx)  from  data  at 
fixed  wavelength.  Advantage  of  the  model  AP  is  the  more  broad  spectral  range  spread  by  that;  of  tlie  model 
VS  is  a  possibility  of  more  acciuate  approximation  with  two  or  more  eigenvectors  in  (2)  if  the  values  of  are 
known  at  two  or  more  wavelengths. 

3.  RELATION  BETWEEN  af  AND 
Simple  formula  coruiecting  a  to  was  given  by  Ivanov,  Sliemshura^ 


a  =  0.81  Kj,  (3) 

its  accuracy  is  not  worse  than  20%.  Kopelevich,Shemshura^  presented  relation  between  a  aiul  at  the  spectral 
range  410-590  run  in  the  form  of  linear  regression 

a(x)  =  E(X)  +  F(a)  Kd(500).  (4) 
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Fig. 1 .Comparison  of  values  of  K^CA)  as  determined  by  means  of 

the  models  of  Austin,  Petzold^  (solid  line)  and  of  Volynsky, 

Sud'bin^  (dashed);  upper  -  Kd(^50)-0,03m‘^ ,  lower  -  Kd(490)- 
0.12m‘^. 
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49  spectra  of  a(;^  and  K^jCx)  measured  in  Atlantic  and  Pacific  were  used;  K(](S00)  values  ranged  from  0.027 
to  0.49  ;  the  cctrelation  coefficients  were  minimum  at  S90  nm  (0.940)  and  maximum  near  420-430  nin 

(0.993);  the  regression  enors  less  than  0.02m*  ^  .Table  2  and  Figure  2  show  the  results  of  comparison  between 
aCx)  values  computed  by  using  (3)  and  f4)  for  the  selected  values  of  Kj(490)^  .  The  values  of  ^  p  s 
and  g  are  calculated  as  above  (  ^j=  a^^l  (;^j)  -  a^'*)(;^)  J. 


Table  2.  The  standard  deviations  s  and  the  mean  ratios  s 
[comparison  between  (3)  and  (4)  ] 
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As  seen  in  Table  2  and  Figure  2,  correspondeiKe  of  the  models  (3)  and  (4)  is  quite  satisfactory;  it  is  a 
reason  to  believe  the  simple  formula  (3)  can  applied  for  estimation  a^x)  on  K^Cx)  over  the  spectral  range 
410-590  run. 

Theoretical  foundation  of  (3)  can  taken  out  from  Gordon’s  work^.  For  the  average  diffuse  attenuation 
coefficient  <K>  over  ':he  upper  half  of  the  euphotic  zone  can  be  led  out  the  linear  relation 

<K>/Do=  1.032  (a  +  bb),  (5) 

where  a  and  bj,  are  the  absorption  and  backscattering  coefficients  of  sea  water,  is  a  parameter  of 
the  downwelling  lii^t  field  evaluated  just  beneath  the  surface;  an  average  error  of  (5)  is  atout  5%. 

If  a  linear  relation  between  b^,  and  a  is  assumed:  b{,  =  p  a,  (5)  can  be  rewritten 

<K>  =  1.032  Do  (1  +  p)  a  =  Q  a,  (6) 

We  estimated  p(a)  by  using  available  data  of  measurements  of  aCx)  and  bj,(550)  at  the  euphotic  zone  from 
10  and  14  cruises  of  R/V  «Dmitry  Mendeleev*  in  Indian  and  Pacific  oceans  in  1973  and  1975.  Spectral  values 
^)Cx)  ''vere  calculated  by  using  the  model 

bbCx)=(550/A)*  '^  [bb(550)-bbSW(550)]  +  (SSO/xf  -^-  (7) 

where  b(,^  (S50)  is  the  backscattering  coefficient  of  pure  sea  water  (pure  water  +  inorganic  salts)  at  the 
550  tun.  The  calculated  values  of  p  with  their  standard  deviations  andtlie  Q*^  values  at  the  440,  480  and 
550  run  are  given  at  Table  3.  The  values  of  Dq  in  (6)  were  taken  from  Gordon^  ;  these  values  iiKrease  with 
the  solar  zenith  angle  (SZA)  so  the  ratio  Q*^  =  a/<K>  decreases  for  the  large  SZA. 

Tables.  The  calculated  values  of  p  with  tlteir  standard  deviations  Spand  Q'^  =  a/<K> 


A,  nm 

P  +/-  Sp 

_ crl _ 1 

<>o=0O 

25° 

40° 

diffuse 

440 

0.25  +/-  0.13 

0.75 

0.71 

0.67 

0.73 

480 

0.27  +/-  0.12 

0.74 

0.71 

0.66 

0.64 

550 

0.11  +/-  0.05 

0.86 

0.82 

0.76 

0.73 
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Fig. 2. Comparison  of  values  of  a(A)  as  determined  by  means  of 

Eg* (3)  -  solid  line  and  (4)  -  dashed;  upper  -  Kd(490) -0,03m 
lower  -  K^(490)-0,12m"^. 
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The  ratios  Q~1  =  a/<K>  at  Table  3  differ  from  0.81  within  the  limits  of  20%,  so  the  simple  formula  (3) 
proved  to  be  correct  theoretically  for  the  small  and  medium  SZA.  As  to  the  spectral  dependency  of  the  ratio 
a/<K>,  that  has  minimum  corresponding  to  the  maximum  of  sea  water  transmission  (near  470—490  nm  for 
oceanic  water)  where  p  is  maximum.  At  the  spectral  range  440— SSOiun  Dg  depends  weakly  on  the  wavelength’ 
but  at  the  shorter  wavelength  range  changes  appreciably  depending  on  the  relation  between  direct  and  diffuse 
contributes  of  the  incident  solar  flux. 

4.  PHYSICAL  MODEL  OF  THE  LIGHT  ABSORPTION  OF  SEA  WATER 

Urukr  «physical  model*  we  understand  a  model  showing  a  role  of  physical  factors  which  cause  the  spectral 
absorption  of  light  by  sea  water.  Advantage  of  a  physical  model  over  a  «statistical»  which  examples  are  given 
above,  is  that  of  giving  general  idea  about  physical  structure  of  the  phenomenon,  and  moreover  allows  to  predict 
results  out  of  range  of  existent  measurement  data;  of  course  under  condition  of  its  adequacy  to  the  phenomenon. 
Statistical  model  is  valid  only  within  a  range  of  initial  values  of  measured  ch^cteristics:  for  instance 
the  models  (l)-(4)  are  not  valid  at  the  ultraviolet  spectral  range,  and  a  physical  model  only  can  be  applied  at 
the  UV  range  at  present  for  lack  of  statistical  data  of  measurements  there. 

Of  course  physical  tiKxkls  should  be  limited  by  tlw  principal  causing  factors  only.  At  the  visible  range 
these  are  the  colored  part  of  the  dissolved  organic  matter  («yeilow  substance*),  phytoplankton  pigments  and 
pure  water^^>^2 


atx)  =  ay®P(A)  Cy  +  Sph'^Cx)  Ca  +  awCx).  (8) 

where  a^Cx)  the  spectral  absorption  coefiicient  of  pure  water;  ay^P^X),  aph®P(;^)  are  the  corresponding  speciflc 
absorption  of  yellow  substance  and  phytoplankton  pigments  (the  latter  per  unit  Chi  "a"  concentration);  c^,  c^ 
ate  the  concentrations  of  yellow  substance  and  Clil. 

The  more  complex  model  iiKluding  the  absorption  of  noiKhlorophyllous  particles  was  suggested 
by  Prieur,  Sathyendraruth^^.  In  our  opinion,  there  is  no  need  to  complicate  a  model  if  the  more  simple  one 
gives  good  results^  ^2. 

The  model* 

is  up-to-date  in  relation  to  new  data  for  the  pure  water  and  yellow  substance  absorption***'  *^. 

Figure  3  drows  the  spectral  values  of  the  absorption  coefficient  of  pure  water  according  to  the  model**’*-. 
Morel,  Prieur*^  and  Shifrin*^.  The  first  data  are  obviously  understated;  the  second  and  tliird  are  in  good 
cotiespondence  except  only  two  appreciable  differences:  near  440-460  nm  and  S20-560mn.  We  analyzed  these 
differences*^  enlisting  ascontrol  the  measurement  data  oftlie  diffuse  attenuation  coefficient  in  most  clear  ocean 
waters.  As  a  result  of  the  analysis  the  recommended  value  of  a^Cx)  ^  given  by  solid  curve  and  Table  in 
Figure  3. 

As  to  the  up-to-date  values  of  the  spectral  absorption  of  yellow  substance,  the  spectral  curve  is  divided  into 
two  pieces:  the  280— 490  nm  with  ay®P  (>)  proportional  cxp(-0.017;^)  and  500-680  nm  with  ay®P(;^) 
proportional  exp( -0.0 11  j^)*^.  Under  this  assumption  ay^(;^)  Cy  in  (8)  is  presented  of  the  form 

{ay(390)  cxpl-0.017(;^- 390)1,  A<490  lun, 

(9) 

0.154  ay(390)  exp|-0.01  l(j^-500)l,  A>500  mn 

The  input  parameter  ay(390)  is  the  constituent  of  tire  sea  water  absorption  coefficient  at  390  nm  due  to 
the  yellow  substaiKe  being  presented;  further  we  will  denote  that  as  ay. 

Note  the  model  (8)-(9)  has  two  input  parameters:  Oy  and  c^,  but  it  was  shown  above  the  spectral  values 
K(|(a)  and  a(A)  are  possible  to  be  approximated  by  using  the  rr^els  with  one  input  parameter.  Tire  reasons 
of  that  were  discussed*  *'*^:  first  the  yellow  substance  is  dominant  factor  of  tire  sea  water  absorption  causing 
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Fig  3. Spectral  values  of  the  absorption  coefficient  aw,ro  ^  pure 
water,  o  -  Morel,  Prieur^^  ♦-Shifrinl^;  dashed  curve  -  the 
values^^*^^;  solid  curve  and  Table  -  recommended  values. 
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its  variability  at  j^<500nm;  second  there  is  a  correlation  between  ay  and  c^  in  the  waters  of  high  bioproductivity. 

Fortran^ormation  the  nnodel  (8)-(9)  to  the  one-paramjtric  a  procedure  as  follows  was  used.  Tire  parameters 
ay  and  c^  were  computed  by  least  squares  technique  for  each  of  12  spectra  of  aCx)  at  the  spectral  range  410- 
590  nm  calculated  firom  by  means  of  (3)  for  12  selected  values'^  of  K^(490) .  The  found  parameters 

ay  and  c^  allowed  to  approximate  the  starting  spectra  a(;^)  by  means  of  the  model  (8)-(9)  quite  satisfactory;  the 
standard  error  was  0.0053  m'*  if  Kj(490)=0.03  m“^  and  increased  to  0.035  m‘*  if  Kj|(490)=0. 18  m‘^  Then 
linear  regressions  of  ay  on  c^  and  of  c^  on  ay  were  computed  by  least  squares  technique 

ay=  0.261  Ca  -  0.008,  (10) 

Ca=3.84ay  +0.03;  (11) 

the  standard  errors  of  (10)  and  (ll)  are  0.002  m*^  and  0.007  mg  m’^. 

We  checked  an  applicability  of  the  model  (8)-(l  1)  by  using  the  spectra  of  the  beam  attenuation  cc  ’ent 
c(a)  measured  at  he  spectral  range  270-590  mn  in  tire  Red  Sea  and  Mediterranean  during  the  61  ciuise  of 
R/V  «Dinitry  Mendeleev*^^.  The  model  for  calculation  of  spectra  c(^)  is 

c(A)  =  a(A)  +  bpCx)  +  bj^Cx),  ( 1 2) 

where  aCx)  is  according  to  (8)-(ll),  bp(j0  is  the  scattering  coefficient  of  the  suspended  particles,  bgy^(>)  is 
the  one  of  pure  sea  water.  The  spectral  dependency  of  bp(;^)  can  be  approximated  by  the  hyperbolic  law  *2 

bpCx)  =  V550)  550/a  ,  (13) 

where  bp(SSO)  is  chosen  as  the  input  parameter;  furtlrer  that  is  denoted  bp. 

Tire  spectral  values  b5^(A)  are  computed 

bswCx)  =  2.07  10-3  (550/a)‘*-2,  (14) 

where  2.07  10*3  p^-1  is  the  value  of  05^^(550)  for  T=20°  C  and  S=35%«7  . 

Thus  the  model  (12)  has  two  input  parameters:  ay  and  bp  .  The  ones  were  calculated  by  means  of  (12) 
from  the  measured  values  of  c(a)  at  410  and  590  nm.  Tlren  c(a)  were  calculated  with  the  found  values  of 
the  parameters  ay  and  bp.  At  the  range  400-590  nm  the  calculated  values  of  c(a)  coincided  quite  well  with 
the  measured  ones:  almost  everywhere  the  differences  were  within  0.02  m*^  that  corresponds  to  the  error  of 
the  measurements. 

It  is  of  interest  to  check  an  applicability  of  the  model  (12)  at  the  UV  range  270-400  nm.  For  that  it  was 
necessary  to  prolong  the  specific  absorption  of  the  phytoplankton  pigments  ap|,^(A)  to  that  spectral  range 
because  its  values  were  limited  by  400  nm.  That  was  done  by  using  the  relative  spectral  curve  ofthecliloroplast 
absorption  published  by  Wolken,  Strother^*.  The  spectral  values  of  a^Cx)  were  taken  from  Smith,  Baker*^. 

We  are  interested  in  the  waters  of  euphotic  zone,  so  we  chose  9  spectra  of  c(a)  measured  at  the  layer 
0-25  m,  calculated  the  input  parameters  ay  and  bp  for  each  of  them  and  computed  c(a)  according  to  the 
model  (8)-(14).  The  calculated  and  measured  values  of  c(a)  happened  to  show  systematic  differences  at  the 
270-400  nm  which  were  maximum  at  270  nm  and  decreased  monotonously  to  the  negligible  ones  at  400  lun. 
The  only  factor  which  influences  at  the  UV  region  and  is  negligible  at  the  visible  is  the  inorganic  salts.  As  a  matter 
of  fact  Siiuth,Baker^^  neglected  of  their  absorption. 

We  computed  the  average  differences  JCx)  =  ^measured  Cx^  *  ^CX^calculated  attributed  the  ones  to 
the  absorption  of  inorganic  salts  u^Ca). 
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Table  4.  The  absorption  coefficients  of  inorganic  salts,  m*^. 
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.32 

.16 

.11 

.09 

.08 

.07 

.06 

.05 

.04 

.04 

.03 

.02 

Note,  these  values  corres^nd  well  to  the  measured  ones  by  Copin-Montegut,  IvanofT,  Saliot^^: 
0.45  m'^  at  250  run,  0.1  m‘*  at  300  run. 

After  such  correction  of  the  model  (3)-(l2)  the  calculated  and  measured  values  of  c(\)  coincide  quite  well: 
almost  everywhere  maximum  differences  are  within  20%.  Two  examples  of  the  comparison  between  tire 
calculated  and  measured  values  of  c(^  are  shown  by  Figrue  4. 

5.  ESTIMATION  OF  THE  DIFFUSE  ATTENUATION  COEFnCIENT 

AT  THE  UV-REOION-QN  THE  ABSORPTION  CQEFFLCIEMT 

Such  possibility  is  given  by  (6)  if  the  parameters  p  and  are  known.  As  before  (see  Section  3)  we  will 
investigate  a  change  of  the  factor  Q  =  a/<K>.  Tire  ixuamcter  p  =  b^ya  was  calculated  by  meairs  of  (7 )-( 11) 
with  addition  of  the  absorption  of  inotgairic  salts  The  parameter  Oy  was  found  by  usitrg  the  measured 

values  of  a(390)  -  see  Section  3. 

For  the  estirrration  of  the  parameter  Gordon^  suggested  tire  simplified  equation  under  assumption  of  a 

cloud-free  atmosphere  and  of  a  utrifonn  radiance  distribution  of  skyliglrt 

Do=f/cost?o^  +1,197(1-0,  (15) 

where  f  is  the  fiaction  of  direct  simlight  in  the  downwelliirg  irradiairce  aird  ^9^^,  is  the  solar  zeiuth  airgle, 
bothjustbeneaththe  surface  (1,197  is  the  value  of  Dq  for  the  totally  diffuse  incident  flux).  The  fraction  f  can 
be  c^culated 


(1  -  ^)Es 

f= . ,  (16) 

(1  -  /|)Es+(l-  /a)Ed 

where  E^,  are  the  direct  solar  and  the  sky  irradiaiKes  above  the  surface;  Py  are  the  surface  reflectances 
for  the  direct  and  diffuse  itKident  flux;  for  the  flat  surface  P^  is  the  Juiowir  function  of  the  SZA,  P^  is  assumed 
as  0.066. 

The  values  of  Ej,  Ej  were  computed  by  N.Krotkov,  A. Vasilkov  at  our  request  by  meairs  of  their 
model^l;  the  ozone  amount  was  300  DU.  Table  5  slrows  the  average  values  of  p  and  a/<K>  for  x  ~  290, 
320,  400  nm  and  the  SZA  25,  30,  40,  60,  80^  as  well  for  the  totally  diffuse  incident  flux. 

Table  5.  The  average  values  of  p  aird  a/<K>  at  the  UV  region 


A, 

nm 

P 

a/<K> 

■KltiSfl 

60° 

80° 

diffuse  1 

SSM 

0.76 

0.75 

400 

■il 

0.71 

0.68 

0.62 

As  seen  the  values  of  a/<K>  increase  appreciably  at  the  UV  region.  The  main  reason  of  that  is  a  decrease 
of  p(;^  caused  by  the  sea  water  absorption  increases  at  the  UV  more  sharp  than  the  backscattering.  As  concerns 
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Fig. 4 .Validation  of  the  nodel  (8)  -  (12);  solid  curve  -  measured 
values  of  c(A),  m"^;dashed  curve  -  uncorrected  calculated 
values;  dotted  curve  -  calculated  values  with  correction; 
upper  -  South  E.  Mediterranean,  depth  10m,  lower  -  Central 
Red  Sea,  depth  25m. 
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the  parameter  Dq  ,  its  values  depend  on  f  and  the  SZA.  The  lai^ger  SZA,  the  smaller  f  ,  and  Dq  teiids 
to  its  limit  value  1,197.  The  shorter  wavelength,  the  faster  that  goes.  The  ratio  a/<K>  is  more  stable  in  relation 
of  the  SZA  for  the  shorter  wavelength  and  closer  to  the  value  0.81  in  (3)  even  for  the  large  SZA  (see  Table  5). 

Summarizing  the  data  of  Tables  3,  5,  we  can  conclude  that  the  simple  formula  (3)  appears  to  be  applicable 
to  the  calculation  of  Kjj(x)  on  a(jJ  and  back  at  the  UV  and  visible  ranges  for  the  small  and  medium  SZA.  The 
factor  Q  or  Q'^  should!^  made  more  accurate  for  the  future,  but  forrouglr  estimates,  can  be  taken  now 
as  0.8.  In  conjimction  with  the  physical  model  of  the  spectral  absorption  tliat  allows  in  principle  to  extrapolate 
the  values  of  K^j  obtained  at  the  visible  range  to  the  UV.  For  the  large  SZA  (>40°)  the  parameter  Dq  and  the 
ratio  Q‘^  =a/<K>  can  be  calculated  by  the  method  devised  by  Gordon^  for  the  field  measurement  or  by 
means  of  proper  model.  Of  course  the  model  developed  above  needs  to  be  validated  by  results  of  the  field 
measurements. 
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ABSTRACT 

We  have  developed  a  Monte  Carlo  program  to  calculate  the  complete  four  component 
Stokes  vector  for  a  coupled  atmosphere-ocean  system  which  also  includes  Raman 
scattering  as  well  as  a  stochastic  interface.  Since  the  input  to  this  program  requires 
Mueller  matrices  for  all  scattering  processes  as  well  as  the  inter&ce  we  had  to  derive  the 
correct  Mueller  matrices  for  both  Rcunan  and  elastic  fluctuation  scattering.  We  were  then 
able  to  calculate  the  radiance,  degree  of  polarization,  orientation  of  the  polarization 
ellipse,  and  the  ellipticity  of  the  radiation  field  at  various  levels  within  the  ocean  as  well 
as  just  above  the  ocean  surface.  We  found  that  the  effect  of  Raman  scattering  on  the 
polarization  of  the  light  field  within  the  ocean  is  significant  and  can  be  detected  by  making 
polarimetric  measurements  within  the  ocean. 


1.  INTRODUCTION 

The  use  of  polarimetry  in  astronomy  and  atmospheric  optics  has  provided  additional 
informati  n  ^Iiich  has  led  to  the  characterization  of  Uie  optical  properties  of  scattering 
and  absorbing  media  which  was  not  possible  with  radiance  data  alone.  An  exceUent 
review  of  the  many  ways  polarimetry  has  been  used  successfully  in  these  areas  can  be 
found  in  Gehrels^.  The  use  of  polarimetry  in  ocean  optics  has  been  minuscule  and  a 
review  of  what  has  been  done  up  to  the  middle  seventies  along  with  references  can  be 
found  in  Jerlov^. 

One  of  the  first  Monte  Carlo  programs  written  to  compute  the  complete  fotir  component 
Stokes  vector  for  a  coupled  atmosphere-ocean  system  was  developed  by  Kattawar^,  et.  al., 
however,  this  study  was  only  for  elastic  scattering.  The  inclusion  of  inelastic  scattering 
has  only  been  performed  for  scalar  radiative  transfer  where  all  polarization  effects  have 
been  neglected.  It  is  the  purpose  of  this  paper  to  show  how  the  indusion  of  polarization 
into  Raman  scattering  can  provide  us  with  another  very  good  tool  for  detection  of  this  very 
important  process  in  ocean  optics. 

2.  MONTE  CARLO  MODEL 

For  the  calculations  used  in  this  study  we  have  adopted  the  I,  Q,  U,  V  representation  of 
the  Stokes  vector.  For  a  complete  definition  of  the  Stokes  vector  and  the  corresponding  4x4 
Mueller  matrices  relevant  to  ocean  optics  which  transforms  it  the  reader  is  referred  to  the 
paper  by  Kattawar  and  Adams^.  Several  quantities  which  are  of  particular  importance 
are  the  degree  of  polarization,  PsCQ^-t-U^+V^)^/!,  the  degree  of  linear  polarization, 
(Q2.|.U2)1/2/i,  the  degree  of  drcular  polarization,  V/I,  the  orientation  of  the  polarization 
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ellipse,  X.  where  tan2x=U/Q  and  the  ellipticity=tanp  where  tan2paV/(Q2+u2)l/2.  pjg.  i 
shows  a  geometric  representation  of  some  of  these  quantities. 


Fig.  1  Geometric  description  of  the  polarization  ellipse  where  asl^  and  the  elliptidty, 
tanP ,  is  the  ratio  of  the  semiminor  to  the  semimqjor  axis  of  the  polarization  ellipse. 
The  angle  x  gives  the  orientation  of  the  polarization  ellipse. 


In  order  to  include  polarization  dependent  Raman  scattering  we  had  to  derive  the 
correct  reduced  Mueller  matrix  for  this  process.  It  is 
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where  cs  cos6,  the  cosine  of  the  scattering  angle  and  p  is  the  depolarization  ratio  for 
incoming  linearly  polarized  light  which  is  polarized  perpendicular  to  tl^  scattering  plane. 
In  the  ocean  p  is  0.17  for  Raman  scattering^  and  0.047  for  elastic  fluctuation  scattering. 
In  Fig.  2  we  show  a  plot  of  this  matrix  as  a  function  of  scattering  angle  for  both  Raman 
scattering  and  elastic  fluctuation  scattering.  Raman  scattering  and  elastic  fluctuation 
scattering  are  in  the  same  category;  namely,  one  in  v/hich  the  medium  contains  the 
scattering  units  and  their  mirror  units  in  equal  number.  The  result  here  is  consistent 
with  the  results  in  van  de  Hulst*^.  For  forward  scattering  (0s0*>),  m^  #  0  only  when  isj  and 
m22  =  ni33.  For  back  scattering  (0  *  180®),  my  ^  0  only  when  isj  and  m22  *  -11133.  It  should 
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Fig.  2  Reduced  Mueller  matrix  elements,  my,  (isl,  2,  3, 4  is  the  row  index  and  jsl,  2,  3, 4 
is  the  column  index)  for  Raman  scattering  (open  triangle)  and  fluctuation 
scattering  (open  circle).  Each  graph  is  a  particular  element  (my)  of  the  Mueller 
matrix. 
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be  noted  that  the  m22  element  is  different  from  unity  for  both  cases  but  for  Raman 
scattering  it  is  more  pronounced.  Another  important  point  is  that  the  mi2  element,  a 
measure  of  linear  polarization,  shows  more  complete  polarization  at  for  elastic 
fluctuation  scattering  than  for  Raman  scattering,  which  may  cause  significant  differences 
in  the  degree  of  polarization  for  the  two  phenomena.  Also  for  elastic  fluctuation  scattering 
m44  »  0033  while  for  the  Raman  scattering  case  these  two  elements  have  significant 
differences. 

3.  ATMOSPHERE-OCEAN  MODEL 


The  Model  we  used  for  the  atmosphere  is  the  MAR-I  model  published  by  the 
International  Association  for  Meteorology  and  Atmospheric  Physics^.  This  model  includes 
two  layers  and  each  layer  has  several  types  of  aerosols  whose  size  distribution  can  be 
represented  by  a  log-normal  distribution 

(2) 

d(logr)  log<yi>^  ^  2(logo*)*  J 

where  Ni(r)  is  the  number  of  particles  of  a  certain  type  having  radii  smaller  than  r,  and  i 
represents  different  types  of  aerosols  and  logOi*,  the  standard  deviation  in  logri,  is  a 
parameter  which  has  to  be  fitted  empirically.  The  value  of  Gi*,  n  and  Ni,  as  well  as  the 
optical  refractive  index  and  optical  depth  for  the  aerosols  used  in  the  model  are  given  in 
Table  1.  The  total  optical  depth  of  the  atmosphere  is  0.22  and  we  assiune  the  optical 
properties  of  the  aerosols  have  no  change  in  the  spectral  regions  in  our  calculations. 

The  optical  properties  of  the  ocean  for  various  spectral  regions  are  listed  in  Table  2. 
The  hydrosol  size  distribution  used  to  calculate  the  reduced  Mueller  matrix  was  the  same 
as  that  used  by  Takashima  and  Masuda^;  namely. 


^^^  =  kr“*  ,0.1pm  ^r^22pm, 
dr 

=  0  ,r  >  22pm  and  r<  0.1pm 
dr 


(3) 


The  complex  refractive  index  for  the  hydrosols  in  their  model  was  n  =  1.07  -  O.Oli.  At  the 
interface  between  the  atmosphere  and  the  ocean,  both  the  reflected  and  refracted  rays 
including  the  rays  that  undergo  total  internal  reflection,  were  followed.  We  assumed  the 
ocean  interface  to  have  a  refractive  index  of  1.34  and  surface  wave  effects  were  calculated 
using  the  Cox  and  Munk^O  surface  slope  distribution. 

To  perform  calculations  for  the  radiation  field  at  a  certain  wavelength  (observation 
wavelength),  the  program  must  first  be  run  at  an  excitation  wavelength  and  when  a 
Raman  scattering  event  occurs,  the  photon  is  shifted  to  the  observation  wavelength,  the 
optical  properties  of  the  ocean  at  this  shifted  wavelength  are  now  used. 
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Table  1.  Aerosol  parameters  used  in  calculations 
ri :  mean  radius 

Xm:  optical  thickness  of  maritime  haze  model 

Xc:  optical  thickness  of  continental  haze  model 

Xr:  optical  thickness  of  Rayleigh  scattering  layer 

logOj*:  the  standard  deviation  in  logri 

Ni:  the  number  of  particles  of  type  i 

ni:  the  refractive  index  of  particles  of  type  i  at  550  nm 

coq:  single  scattering  albedo 

a)  Continental  Model  (upper  layer):  Xc  »  0.025,  Xr  s  0.114,  averaged  Ci>o^-891 


type 

Oi* 

ri(pm) 

Ni/N 

ni 

(Do 

water-soluble 

2.99 

0.005 

0.93876 

1.530  -  6.00xl0-3i 

0.957 

dust-like 

2.99 

0.50 

2.27x10-6 

1.530  -  8.00xl0-3i 

0.653 

soot 

2.00 

0.00118 

0.06123 

1.750  -  0.440i 

0.209 

b)  Maritime  Model  (bottom  layer):  Xm 

*  0.05,  Xf  = 

0.031,  averaged  (0o= 

:0.989 

type 

Oi* 

ri(pm) 

Ni/N 

ni 

cso 

oceanic 

2.51 

0.30 

0.99958 

1.500  -  1.00xl0-8i 

1.000 

water-soluble 

2.99 

0.005 

0.00042 

1.530  -  6.00xl0-3i 

0.957 

Table  2.  Optical  parameters  (all  in  units  of  m*^)  of  the  ocean  used  in  calailations 


wavelength  a 

bgw 

^hyd 

br 

c 

Mb 

417  nm 

0.0156 

0.0064 

0.0443 

0.00048 

0.0663 

0.7719 

441  nm 

0.0145 

0.0049 

0.0416 

0.00038 

0.0610 

0.7685 

486  nm 

0.0188 

0.0032 

0.0373 

0.00026 

0.0593 

0.6874 

499  nm 

0.0257 

0.0029 

0.0369 

0.00023 

0.0655 

0.6076 

518  nm 

0.0470 

0.0024 

0.0354 

0.00020 

0.0848 

0.4481 

600  nm 

0.2440 

0.0014 

0.0306 

0.00011 

0.2760 

0.1163 

a:  absorption  coefficient  br:  Raman  scattering  OMfficient^ 

bgw^  scattering  coefficient  for  salt  water  ^3  bhyd^  hydrosol  scattering  coefficient 

c:  total  extinction  coefficient,  c  «  a  4-  bgw  khyd  (Ob’Kbgw't’khyd) !  c 
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This  is  the  inelastic  contribution  to  the  total  radiation  field.  The  second  phase  consists  of 
running  the  program  for  the  observation  wavelength  to  obtain  the  elastic  component.  The 
total  radiation  field  will  be  the  sum  of  the  inelastic  part  and  the  elastic  part  with 
appropriate  weighting  to  account  for  the  difference  in  the  solar  flux  at  the  excitation  and 
observation  wavelengths  as  well  as  the  energy  difference  of  the  red  shifted  photons.  It  is 
important  to  note  tlmt  to  obtain  absolute  radiances  one  only  has  to  multiply  the  resvdts 
shown  by  the  incoming  solar  flux  at  the  observation  wavelength.  The  four  component 
Stokes  vector  (I,  Q,  U,  V)  is  calculated  for  both  pmrts  and  then  transformed  into  ra^ance, 
degree  and  dire^on  of  polarization,  as  well  as  elliptidty. 


4.  RESULTS 


4.1  Ocean  without  hydrosols 

We  chose  518  nm  for  the  observation  wavelength  (corresponding  to  an  excitation 
wavelength  of  441  nm)  for  most  of  the  calculations  we  vdll  present  because  in  our  previous 
studies^^,  we  found  that  at  this  wavelength,  Raman  scattering  is  significant.  The  first  set 
of  results  we  will  present  hydrosol  scattering  is  ne^ected  in  the  ocean.  In  Figs.3(a)-3(d), 
we  show  the  calculated  ra^ance,  degree  of  polarization,  orientation  of  the  polarization 
ellipse  and  ellipticify  at  various  depths  in  the  ocean  (averaged  over  0<4<30)  for  an  incident 
solar  angle  of  60<*  (po~  ~0.5  and  labeled  by  IB  on  the  graphs)  .  The  calculated  results 
without  Raman  scattering  (labeled  "elastic  case")  are  also  plotted  on  the  same  graph.  The 
upward  radiance  is  for  the  zenith  angle  range  0***9()^  and  the  downward  radiance  is  for  the 
range  90^-180**.  The  critical  angle  for  the  refractive  index  chosen  (nsl.34)  is  132*’  and  is 
labeled  by  CA  on  the  graphs  and  the  transmitted  direct  beam,  labeled  TB  on  the  graphs 
enters  the  ocean  at  >140*’.  For  the  radiance.  Fig.  3(a),  we  can  see  that  at  80  m,  for  angles 
0<132*’,  the  observed  radiance  without  Raman  scattering  is  much  smaller  than  that  with 
Raman  scattering,  especially  for  the  upward  directions.  This  is  because  the  ocean  is  quite 
transparent  at  the  excitation  wavelength  (441  nm)  and  the  shifted  part  of  the  light,  which 
is  caused  by  Raman  scattering  at  the  excitation  wavelength,  is  larger  than  the  elastic  part 
at  the  observation  wavelength.  Even  at  10  m,  the  difference  in  radiance  indicates  that 
there  is  a  significant  amount  of  shifted  light.  Since  the  Mueller  matrix  elements  for 
Raman  scattering  are  different  firom  those  for  elastic  fluctuation  scattering,  the  presence 
of  a  significant  amount  of  Raman  scattered  light  could  cause  a  significant  difference  in 
polarization  behavior.  When  we  look  at  the  degree  of  polarization.  Fig.  3(b),  we  see  that 
Raman  scattering  indeed  causes  some  significant  (Ganges.  First,  Raman  scattering 
decreases  Pmax  (tl^  maximum  degree  of  polarization  as  a  fimction  of  zenith  angle)  relative 
to  the  elastic  case.  Secondly,  Pmax  decreases  with  depth  when  Raman  scattering  is 
introduced.  This  should  be  contrasted  with  the  very  small  depth  dependence  for  elastic 
scattering.  This  also  implies  that  there  is  not  a  great  deal  of  multiple  scattering  in  the 
elastic  case  since  multiple  scattering  in  general  tends  to  dilute  the  degree  of  polarization. 
Raman  scattering  doesn’t,  however,  change  the  angle  at  which  the  maximum  degree  of 
polarization  occurs  (Smax)-  larger  degree  of  polarization  for  the  detector  at  10  m  when 

the  zenith  angle  is  between  100<’-130<>  is  caused  purely  by  interface  reflection.  Raman 
scattering  has  no  obvious  effect  on  either  the  orientation  of  the  polarization  ellipse.  Fig. 
3(c),  or  the  ellipticity.  Fig.  3(d).  This  is  to  be  expected  since  the  reduced  Mueller  matrix 
elements  m34sm43s0  for  both  Raman  and  elastic  fluctuation  scattering  (see  Fig.  2).  There 
are  two  regions  where  elliptic  polarization  exists,  one  is  within  the  critical  angle  (6  *  122*) 
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which  is  caused  by  total  internal  reflection  from  the  interface.  IvanofF  and  Waterman^^ 
explained  this  phenomena  in  their  studies.  It  is  due  to  the  m34  element  of  the  interface^. 
Another  place  is  the  peak  outside  the  critical  angle  (da  150**).  This  peak  is  caused  by  the 
aerosol  in  the  lower  layer  of  atmosphere;  however,  it  is  a  multiple  scattering  effect  and  is 
not  easy  to  qiiantify. 


m  CA  IB  m  CA  TB 


Fig.  3  (a)  The  radiance,  (b)  degree  of  polarization,  (c)  orientation,  and  (d)  ellipticity  as  a 
function  of  zenith  angle  at  various  depths  in  the  ocean  for  both  elastic  scattering 
(open  symbols)  and  Raman  scattering  (filled  symbols).  The  solar  zenith  angle  is 
and  the  results  are  averaged  over  0o<^<30^.  IB  denotes  incident  beam 
direction,  TB  denotes  transmitted  or  refracted  l^am  direction,  and  CA  denotes  the 
critical  angle. 
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To  see  the  origin  of  this  peak  we  show  in  Fig.  4  the  reduced  Mueller  matrix  for  the 
lower  layer  aerosol.  What  is  noteworthy  is  the  large  m34  element.  Without  this  element 
one  cannot  produce  elliptic  polarization  from  an  unpolariz^  source.  That  is  why  there  can 
be  no  ellipticity  from  a  pure  Rayleigh  scattering  atmosphere  since  m34s0.  In  Fig.  5  we 
show  the  ellipticity  for  the  detectors  just  above  and  just  below  the  ocean  surface. 


Fig.  4  Reduced  Mueller  matrix  elements  mi2,  0133,  and  m34  as  a  function  of  scattering 
angle  for  the  lower  layer  aerosol. 


IB  CA  IB 


0 


Fig.  5  '^e  ellipticity  as  a  function  of  zenith  angle  for  detectors  just  above  and  just  below 
the  interface. 
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It  can  now  be  seen  that  the  secondary  peak  appears  first  in  the  atmosphere  and  is  then 
refracted  into  the  ocean.  To  prove  that  it  is  indeed  the  m34  element  of  the  lower  layer 
aerosol  which  produces  this  secondary  peak,  we  set  the  Mueller  matrix  element  m34=0  for 
the  lower  layer  aerosol  and  the  peak  disappeared.  We  also  foimd  that  this  peak  was  not 
present  when  a  pure  Rayleigh  scattering  atmosphere  was  used.  In  Figs.  6(a)-6(d),  the 
degree  of  polarization  for  different  azimuth  regions  is  plotted,  the  results  were  averaged 
over  those  regions  indicated  in  the  graph.  We  can  see  that  Omax  changes  with  different 
azimuth  angles,  and  it  is  always  dose  to  the  direction  which  is  perpendicular  to  the  direct 
beam.  For  upward  directions,  Raman  scattering  has  a  strong  effect  on  the  degree  of 
polarization  for  regions  with  small  <j>,  the  degree  of  polarization  also  show  strong  depth 
dependence.  When  <|>  is  close  to  180<>,  there  is  almost  no  difference  between  the  elastic  and 
Rs^an  scattering  cases  for  the  upward  direction  and  also  little  depth  variation.  However, 
for  the  downward  direction  the  Raman  scattering  case  still  shows  strong  depth 
dependence  whereas  the  elastic  case  shows  very  little. 


m  CA  IB 


Fig.  6  The  degree  of  polarization  for  four  different  azimuthal  angle  regions  for  the  case 
considered  in  F^g.  3. 
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4.2  Ocean  with  hydrosols 


We  next  considered  the  effect  of  hydrosols  on  the  radiance  and  degree  of  polarization 
which  is  shown  in  Figs.  7(a)-(d).  In  general  the  addition  of  hydrosols  doesn't  change  the 
behavior  of  the  degree  of  polarization  as  a  function  of  zenith  angle  in  the  upward  direction; 
however,  in  the  downward  direction,  the  degree  of  polarization  pattern  has  changed,  for 
example,  the  small  peak  close  to  the  direction  of  the  direct  beam  broadens  and  becomes 
smaller.  This  broadening  is  due  to  a  shift  in  the  Babinet  and  Brewster  neutral  points 
which  is  extremely  interesting  and  will  the  subject  for  a  future  paper.  Another  noteworthy 
feature  is  in  the  ellipticity.  Fig.  7(d).  The  small  secondary  i^ak  wliich  appeared  in  the 
hydrosol  free  case  (see  Fig.  3(d))  has  now  disappeared  and  a  minimum  has  appeared.  This 
is  due  to  a  small  m34  element  in  the  hydrosol  Mueller  matrix  shown  in  Fig.  8.  This 
demonstrates  how  sensitive  the  ellipticity  is  to  subtle  changes  in  the  m34  elements  of  the 
Mueller  matrices  for  both  atmosphere  and  ocean 

IB  CA  IB  IB  CA  IB 


Fig.  7  Same  as  Fig.  3  but  with  the  addition  of  hydrosols. 
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Fig.  8  Reduced  Mueller  matrix  elements  mi2,  m33»  and  0034  for  hydrosols.  The  figure  on 
the  right  is  a  magnified  plot  of  the  m34  element. 


5.  CONCLUSIONS 

We  have  shown  that  Raman  scattering  can  play  an  important  role  in  determining  the 
polarization  of  the  underwater  light  field  for  certain  spectr^  regions.  The  primary  effect  of 
Raman  scattering  is  to  decrease  the  degree  of  the  polarization  especially  in  the  upward 
directions.  The  reason  for  this  being  ^at  the  Raman  scattered  signal,  due  to  its  high 
depolarization  factor,  produces  less  linear  polarization  than  elastic  fluctuation  scattering 
(see  Fig.  2).  The  beauty  of  using  polarimetry  is  that  since  it  uses  ratios  of  Stokes  vector 
components  it  isn't  subject  to  absolute  calibration.  Hydrosol  scattering  produces  little  if 
any  changes  in  the  upward  Stokes  vector;  however,  it  significantly  affects  the  downward 
degree  of  polarization.  One  of  the  most  interesting  aspects  of  hydrosol  scattering  was  the 
fact  that  it  was  able  to  shift  the  neutral  points  in  the  ocean.  This  opens  a  completely  new 
way  to  monitor  hydrosol  scattering  and  will  be  the  subject  of  a  future  paper.  Another 
interesting  effect  we  found  was  that  the  ellipticity  was  drastically  affect^  by  only  small 
changes  in  the  m34  element  of  the  Mueller  matrix.  All  of  these  facts  taken  together  show 
the  importance  of  using  polarimetry  to  study  the  optical  properties  of  the  ocean. 
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ABSTRACT 

Pulse  broadening  due  to  multiple  scattering  has  long  been  of  fundamental 
importance  in  the  study  of  laser  pulse  transmission  through  the  ocean  as  well  as  other 
diverse  areas  of  science  such  as  astrophysics,  meteorology,  and  medical  physics.  The 
possibility  of  new  imaging  methods  using  multiple  scattering  techniques  imderscores  the 
need  to  better  imderstand  this  problem.  We  have  used  a  Monte  Carlo  simulation  to 
investigate  the  spatial  and  temporal  spreading  of  a  pulse  ("Pulse  Stretching")  as  it 
propagates  through  a  medium  due  to  sm^l  angle  multiple  scattering  as  described  by  van 
de  Hulst  and  Kattawar^.  We  will  show  the  transformation  of  single  scatter  distributions 
into  those  predicted  by  the  Central  Limit  theorem.  We  also  derive  the  scattering  property 
of  the  medium  finding  a  simple  relation  between  the  phase  hmction  and  the  scattering 

parameter  which  connects  the  single  scatter  mean  square  scattering  angle, <6^>,  and  the 
multiple  scatter  expectation  value,  <0^>,  along  with  well  defined  limits  of  validity  of  the 
present  theory  in  terms  of  the  basic  scattering  parameters  of  the  medium. 


1,  INTRODUCTION 

The  temporal  and  spatial  spreading  of  a  pulsed  collimated  beam  due  to  small  angle 
multiple  scattering  has  been  well  studied,  van  de  Hulst  and  Kattawar^  presented  a  theory 
and  gave  a  solution  for  the  spread  function  of  the  beam.  The  introduction  of  a  parameter 
inherently  connected  to  the  optical  properties  of  the  medium  along  with  the  region  where 
this  theory  was  applicable  have  yet  to  be  studied  in  detail.  This  connection  is  of 
fundamental  importance  in  many  areas  of  imaging  science  which  now  includes  tissue 
optics^. 

We  have  written  a  Monte  Carlo  program  to  emulate  the  entire  scattering  process  of 
a  semi-infinite  medium  of  optical  depth  z  and  single  scattering  albedo  o\).  Using  the 
assumptions  of  van  de  Hulst  and  Kattawar^  we  studied  cases  where  the  phase  function 
was  truncated  at  a  maximum  scattering  angle  This  allows  us  to  study  diverse  forms  of 
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single  scattering  while  still  maintaining  the  small  an^e  scattering  nature  of  the  theo^.  In 
other  words,  with  the  use  of  a  truncated  phase  function  we  can  neglect  moments  higher 
than  second  order  in  the  Legendre  expansion  of  the  product  of  the  phase  function  and 
albedo.  This  is  important  since  a  diverging  second  moment  leads  to  a  different  power  law 
for  the  spread  of  the  radiance  with  increasing  optical  depth®.  We  have  chosen  a  Henyey- 
Greenstein  phase  function  for  almost  all  cases  since  we  can  produce  isotropic  to  strongly 
peaked  scattering  by  adjusting  the  asymmetiy  factor,  g,  withg=0  accounting  for  isotropic 
scattering  and  g=l  corresponding  to  a  delta  ftmction.  The  one  exception  being  that  we  also 
studied  the  case  of  pure  Gaussian  scattering.  The  Henyey-Greenstein  was  used  to  better 
understand  multiple  light  scattering  in  turbid  media  such  as  human  tissue  as  well  as 
atmospheric  and  oceanic  optics.  The  use  of  this  phase  function  with  various  asymmetry 
values  has  been  shown  to  properly  describe  photon  dynamics  in  vivo  of  human  and  other 

mammalian  tissue^. 

The  initial  study  done  by  van  de  Hulst  and  Kattawar^  considered  a  collimated  beam 
propagating  in  a  homogeneous  scattering  medium.  The  beam  spread  was  analyzed  in  the 

off-axis  spatial  coordinates  (xi,X2),  the  projected  polar  angles  and  the  time-loss 

(path  difference)  t  which  is  the  difference  between  the  actual  and  straight-through 
trajectories  with  the  projected  path  differences  satisfying  the  convolution  (Figure 

1).  The  latter  result  is  a  consequence  of  the  small  angle  approximation  of  the  problem.  The 
joint  distribution  function  was  Laplace  transformed  in  time-loss  and  Fourier  transformed 
in  spatial  coordinates  and  projected  angles.  The  complete  solution  to  the  temporal  and 
spatial  spread  of  the  beam  was  obtained  assuming  the  required  inverse  transformations 
could  be  performed  and  the  scattering  property  of  the  me^um  was  known.  The  radiance 
obtained  could  be  used  to  calculate  the  energy  fluence  if  dosimetery  calculations  were 
required. 


Z 


Fig.  1  Geometry  used  in  describing  the  projected  beam  spi^d  distribution  function: 

Solid  line  is  three  dimensional  path  and  dashed  line  is  its  projection  in  the  x  ^-z  plane. 
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2.1)  Radiances 

The  spatial  and  temporal  spreading  of  a  beam  propagating  radially  in  a 
homogeneous  scattering  medium  is  described  by  the  equation  of  transfer^ 


dr  Afi  ^ 


(1) 


The  radiance,  is  a  function  of  the  five  fimdamental  variables  of  the 

problem,  x/,  written  in  terms  of  their  dimensionless  optical  depth  quantities,  jc,-  =ibc/, 
shown  here  as  (qi)  with  the  speed  of  light  set  to  unity.  Throughout  this  manuscript  prim^ 
quantities  will  refer  to  physical  variables  while  the  unprimed  will  be  the  corresponding 
dimensionless  optical  depth  variables.  All  variables  are  implicitly  dependent  on  the  radi^ 
distance  into  the  medium,  r’.The  equation  of  transfer  takes  on  the  same  form  as  van  de 
Hulst  and  Kattawar  derived  but  now  the  implicit  dependence  of  the  spread  is  in  “r”  not 
"z”.  Thus,  this  equation  will  lead  to  the  same  distribution  functions  as  derived  by  van  de 
Hulst  and  Kattawar  with  slightly  different  parameters  due  to  the  new  implicit  dependence 
on“r”. 


The  contracted  projected  angular  radiance  in  terms  of  where  a  contraction  is 
equivalent  to  an  integration  over  the  other  independent  variables  is, 


r 

exp 


with  a  standard  deviation  given  by 


=  2Sf/  *  25^(1  +  =  2sqz 


(2) 


(3) 


and 


(4) 


Thus,  we  have  a  new  "corrected”  scattering  parameter  based  on  the  medium  thickness  due 
to  the  change  in  implicit  variables. 

The  contracted  projected  time  radiance  cannot  be  readily  solved.  It  involves  an 
inverse  Laplace  transform  which  apparently  needs  to  be  done  numerically.  We  can, 
however,  solve  for  the  contracted  real  space  time-loss  distribution  which  lends  itself  to  a 
complete  analytical  solution  since  it  is  a  convolution  of  the  projected  time-loss 
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distributions.  This  real  space  time-loss  distribution  readily  follows  when  the  inverse 
transform  is  analytically  continued  to  the  complex  plane.  It  is 


/(0= 


n 


ffl=l 


(6) 


with 


(l  +  20?  )z^  (6) 

This  analytical  form  was  also  derived  by  Williamson^  and  others.  We  again  see  a  corrected 
form  of  the  scattering  parameter  based  on  the  thickness  of  the  medium. 

The  differences  in  equations  (3)  and  (6)  will  lead  to  an  empirical  definition  of  the 
region  where  the  theory  is  valid.  Note  that  the  slightly  different  dependencies  of  sb  and  s/ 
are  a  result  of  the  small  angle  approximation  coupled  with  an  implicit  dependence  of  the 
beam  spread  in  the  radial  direction,  i.e.,  a  plane  of  constant  r  instead  of  a  spherical  shell  of 
radius  r . 

2.2)  The  ColUmation  Domain 

We  define  the  ColUmation  Domain  as  the  r^on  where  the  small-ani^e  multiple 
scattering  theory  as  described  by  van  de  Hulst  and  I^ttawar  is  valid.  Consider  a  general 
medium  of  radial  depth  r'  with  an  extinction  coefficient  k.  The  optical  depth  of  the 
medium  is  r  =  kr\  The  extinction  coefficient  can  be  written  as  sum  of  scattering  and 
absorption  contributions,  Focusing  on  small  angle  forward  scattering  we 

assume  that  we  can  separate  the  extinction  coefficient’s  scattering  contribution  into  a 
small  angle  (sos)  and  wide  angle  (u;as)  component. 


k  ~  kggg  +  ky^Qg  +  kfiifg  —  kgQg  +  kfj^g  with  kg^g  —  kg^Q  —  (Ogk 


The  diffuse  radiation  field  set  up  in  all  directions  by  the  '*was'*  covers  the  forward 
direction  and  has  a  wide  peak,  but  the  radiance  is  much  smaller  than  that  set  up  by  the 
beam  in  the  ColUmation  Domain’^.  The  competition  of  "was”  with  "sas”  yields  a  rough 
estimate  of  the  critical  optical  depth  where  the  theory  breaks  down.  This  can  be  comput^ 
but  api^ars  to  be  too  stringent.  A  better  choice  can  be  made  empirically.  This  will  be 
determined  in  the  results.  Calling  this  critical  optical  depth  Tc,  the  bounds  for  the 
scattering  contribution  to  the  optical  depth  are 

1  ^  ^sca 


We  also  note  that  the  beam  cannot  continue  to  spread  indefinitely.  This  justifies  an 
empirical  definition.  If  we  make  a  rough  guess  that  $i  will  spread  evenly  between  0  and 
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nl2  this  yields  a  width  of  ^6|p^  =  ^  =  0.82.  The  real  spread  is  due  to  small  angle  forward 
scattering,  thus,  an  isotropic  spread  is  an  over  estimate.  The  critical  value  {d}^  reaches  is 


0.24  as  the  optical  depth  increases  and  we  leave  the  Collimation  Domain.  Hence,  the 
isotropic  spread  estimate  is  roughly  3  times  too  large  in  determining  the  endpoint  of  the 
domain  for  the  steady  state  problem.  The  general  problem  which  includes  the  temporal 


response  of  the  beam  is  reached  before  this  critical  ^  as  sq  and  Sf  physically  represent 

the  same  quantity.  Their  required  equivalence  will  decrease  the  estimate  of  rc.  This  is 
expected  in  view  of  equations  (3)  and  (6)  which  reflects  the  difference  in  depth  dependence 
of  these  variables. 


2.3)  Truncated  phase  functions 

The  Monte  Carlo  process  is  a  gradual  spread  in  the  radial  direction.  Hence, 
radiation  traveling  a  distance  r  in  a  medium  with  a  fundamental  mean  square  angular 
deviation  Sq  will  arrive  with  an  angiilar  distribution  in  6  such  that, 

(f)^Asor  (7) 


We  examined  the  folowing  phase  functions; 

Qm _ So. _ 

5®  9.5173x10-4 

10®  3.8045x10-3 

20®  1.5179x10-2 

5®  9.4813x10-4 

10®  3.7484x10-3 

20®  1.4357x10-2 

5®  6.7075x10-4 

10®  1.7941x10-3 

20®  4.1950x10-3 

180®  9.5173x10-4 

*  denotes  distribution  functions  which  are  shown  in  the  numerical  results 


2.4)  Region  of  validity  of  the  Collimation  Domain 

First  we  must  consider  the  limits  imposed  on  the  Collimation  Domain.  The 
moments  in  6  scale  as 

=  a{sgzy  ,  rt  =  l,2,...  (8) 


Phase  Function _ AsymmetrY  Cg) 


Isotropic* 

g=0 

Isotropic 

g=0 

Isotropic 

g=o 

HG 

g=0.5 

HG 

g=0.5 

HG 

g=0.5 

HG 

g=0.945 

HG 

g=0.945 

HG 

g=0.945 

Gaussian 

o2=1.9046x10-3 
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while  the  temporal  moments  scale  according  to 

(ff}  =  ^5,z2)'‘  .  n  =  1.2,...  (9) 

with  Ti=\,(X=2,  and  ^1/6  corresponding  to  the  lowest  non  vanishing  moments^.  Thus,  the 
moments  in  projected  angle  all  lead  to  the  same  scattering  parameter,  namely,  Sq  as  given 
by  equation  (3).  Similarly,  all  the  temporal  moments  lead  to  a  scattering  parameter,  ,  as 
determined  by  equation  (6).  Since  the  higher  moments  for  each  respective  parameter  has  a 
higher  power  in  the  depth  dependence  they  carry  more  error.  Hence,  the  lowest  non  zero 

moments,  ,  (r/)|  ,  will  be  used  throu^out  the  calculations. 

2.4.1)  Lower  limit  of  the  Collimation  Domain 

We  note  that  since  the  theory  comes  "on  line”  as  a  result  of  the  Central  Limit 
theorem  the  starting  point  for  the  region  should  only  depend  on  the  number  of  scatterings, 
or,  in  our  homogeneous  medium,  the  optical  depth,  r^ca  • 

2.4.2)  Upper  limit  of  the  Collimation  Domain 

Equations  (3)  and  (6)  describe  analytically  the  dependence  of  the  scattering 
parameter  on  depth.  These  show  that  there  is  a  strict  region  where  the  scattering 
parameter  is  uniquely  determined  by  both  these  formulas.  Since  the  scatterit^  parameter 
is  a  measure  of  the  optical  properties  of  the  medium  we  must  have  a  consistent  measure  of 
it.  This  leads  to  an  estimate  of  the  endpoint  based  on  the  differing  of  the  scattering 
parameter  as  determined  by  the  spatial  and  temporal  moments. 

Considering  a  continuous  beam  where  the  temporal  response  has  been  integrated 
out,  we  arrive  at  a  larger  endpoint  than  that  given  by  the  full  theory.  This  is  simply  a 
consequence  of  the  lower  depth  dependence  of  the  spatial  as  compared  to  the  temporal 

moments.  Making  the  aforementioned  empirical  estimate  ((of \~l/4)  leads  to 


for  the  spatially  determined  endpoint  of  the  Collimation  Domain.  Of  course,  the  actual 
endpoint  is  a  matter  of  choice  depending  on  the  error  the  problem  allows. 

3.  NUMERICAL  RESULTS 

3.1)  Scattering  parameter  and  the  Collimation  Domain 


We  show  data  for  the  5*’,10°,  and  20°  truncation  cases  (figure  2).  Beyond  a  10° 
truncation  the  theor^s  ability  to  resolve  the  Collimation  Domain  realistically  is  limited 
since  this  leads  to  a  large  mean  square  single  scattering  angle.  Fortimately,  light 
scattering  in  turbid  media  such  as  the  ocean  and  mammalian  tissue  is  very  forward^.  This 
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lead  us  to  focus  on  the  smaller  truncation  angles  (5°)  when  examining  the  contracted 
radiances  of  the  Monte  Carlo  runs. 

We  fixed  Sq  using  the  isotropic  single-scatter  at  5°  and  10**  cutoffs.  The  solid  line 

plotted  is  the  idealized  theory,  +  representing  equation  (3).  The  various  other 

points  are  the  Monte  Carlo  results  of  from  equation  (8)  for  all  the  phase  functions 
considered.  The  agreement  of  the  Gaussian  with  the  Henyey-Greenstein  phase  functions  of 
g=0,  0.5,  and  0.945  obscures  the  multiple  data  points  in  figure  2A.  In  figure  2B  we  look  at 

the  overlap  of  sg  and  st  of  the  isotropic  phase  function  with  6^s5**.  The  analytic  result  for 
St  and  s$,  (3)  and  (6),  are  again  plotted  as  lines  along  with  the  Monte  Carlo  results 
generated  from  equations  (8)  and  (9)  which  are  represented  as  crosses.  Figure  2C  is  a 
further  demonstration  of  the  fundamental  scaling  of  the  theory  on  SqZ  along  with  a  test  of 
the  "forwardness”  of  the  phase  function.  It  shows  a  Henyey-Greenstein  phase  function 
with  g=0.945  for  10°,  and  20°  plotted  similarly  as  (B)  and  (C). 

3.1.1)  Lower  limit  of  the  Collimation  Domain 

The  beginning  of  the  domain  is  purely  a  consequence  of  the  Central  Limit  theorem. 
It  depends  only  on  the  number  of  scatterings  for  which  the  scattering  component  of  the 
optical  depth,  r^ca  •  gives  a  statistical  measure.  The  results  are  completely  independent  of 
the  particular  phase  function.  The  same  also  holds  for  s/  as  shown  in  figure  2B.  Thus,  the 
beginning  depth  of  this  region  is  a  matter  of  choice  which  must  be  made  depending  on  the 
allowed  error.  We  think  a  reasonable  choice  is  between  two  and  three  scatterings  which 
was  also  arrived  at  empirically  by  Bucher^.  At  this  point  we  have  approximately  15% 
error  between  the  theoretical  and  computational  scattering  parameter  as  determined 
analytically  by  equation  (3)  and  numerically  by  equation  (8).  This  optical  depth  also 
corresponds  to  the  transition  point  during  the  metamorphoses  of  a  non-Gaussian  phase 
function’s  projected  angle  distribution.  At  this  transition  a  Gaussian  function  of  the  same 
width  as  the  distribution  function  will  almost  have  an  identical  amplitude.  We  note  that 
the  lack  of  scattering  initially  translates  into  a  scattering  parameter  which  is  too  high 
according  to  theory  (figures  2A  and  2B). 

The  projected  angle  distribution  functions  shown  in  figure  3  are  from  optically  thin 
runs  which  use  an  isotropic  (g=0)  of  5°  truncation  angle  (^=5°).  The  solid  lines  in  all  the 
curves  represent  the  analytical  Gaussian  function  given  by  equation  (2)  with  widths  fixed 
using  the  Monte  Carlo  results  in  equation  (8).  The  crosses  represent  the  Monte  Carlo 
calculation  of  these  projected  angle  radiances.  We  see  the  persistence  of  the  phase 
functions  peak  into  the  Collimated  Domain.  In  the  projected  plane  the  isotropic 
distribution  starts  out  circular  with  the  radius  of  the  truncation  angle  of  5°.  This  changes 
rather  quickly  into  what  appears  to  be  a  Gaussian  form.  Viewing  (his  transformation  we 
see  that  the  single  scattering  distribution  takes  place  tail  first.  The  "kink”  eventually 
works  its  way  up  the  distribution  giving  the  appearance  that  the  metamorphoses  takes 
place  from  the  wings  to  the  peak.  This  "kink”  is  a  manifestation  of  the  higher  number  of 
scatterings  further  off  axis  of  the  distribution  function.  This  resolves  itself  by  letting  the 
peak  retain  its  original  single-scattering  form  longer  than  the  wings.  \^ile  in  the 
Collimation  Domain  the  contracted  radiance  never  fully  realizes  a  true  Gaussian  shape 
although  the  differences  aren’t  appreciable  except  in  the  very  forward  direction  at  the 
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beginning  of  the  domain.  In  fact,  the  validity  of  the  Central  Limit  theorem  impUes  that  the 
peak  region  in  the  large  optical  depth  cases  is  also  a  Gaussian  but  of  a  slightly  different 
width.  The  deviations  from  the  Gaussian  nature  in  amplitude  and  wid^  of  the  peak 
diminish  with  increasing  optical  depth,  i.e.,  the  ‘Idnk”  works  its  way  toward  the  peak.  At  a 
sufficient  optical  depth,  depending  on  the  mean  square  single-scatter,  the  peak  zone  has 
undergone  a  number  of  scatterings  comparable  to  that  in  the  wings  which  leads  to  a  pure 
Gaussian  form  as  predicted  by  the  Central  Limit  theorem  (see  optically  thick  distribution 
functions  in  the  next  section).  Before  the  critical  optical  depth,  r^,  has  been  reached  this  is 
not  fully  realized.  This  is  the  reasoning  behind  the  “pinched”  appearance  of  the  Monte 
Carlo  radiances  compared  to  their  analytical  counterparts. 

3.1.2)  Upper  limit  of  the  ColUmation  Domain 

These  results  are  based  on  the  overlap  of  the  values  of  the  scattering  parameters. 
We  suggest  Sf,z  »  0. 1  as  the  empirically  estimated  endpoint  of  the  region.  In  figure  2B  we 

have  the  scattering  parameters  given  by  equations  (8)  and  (9)  for  g=0  and  6^=5°.  The 
divergence  of  the  analytical  formulae,  equations  (3)  and  (6),  occurs  near  an  optical  depth  of 
z=80.  Here  the  error  between  equations  (3)  and  (6)  is  approximately  equivalent  to  the 
error  we  chose  as  the  starting  point  for  the  domain  (15%).  This  endpoint  must  finally  be 
determined  by  considering  the  allowed  error  of  the  problem. 

If  no  temporal  variables  are  required  then  we  may  work  strictly  with  the  scattering 
parameter  sq.  Here  the  empirically  determined  critical  optical  depth,  re,  given  by  equation 
(10)  yields  results  vidth  similar  error  as  previously  described  (•>20%).  Again,  the  actual  end 
point  of  the  ColUmation  Domain  is  dependent  on  the  error  desired  (figure  2).  However,  the 
empirical  choice  of  the  endpoint  is  a  fairly  accurate  method  since  the  beam  cannot 
continue  to  spread  forever.  This  resultant  critical  optical  depth  was  obtained  when  the 
beam  had  spread  to  a  width  in  the  projected  plane  of  28°.  This  spread  is  about  a  factor  of  3 
lower  than  a  uniform  spreading  from  0  to  x/2.  This  resultant  critical  optical  depth  has  a 
slightly  larger  error  than  that  obtained  for  the  full  problem  above,  but  its  error  bounds  are 
near  the  same  as  we  obtained  in  the  beginning  of  the  domain. 

We  varied  Sq  considerably  to  check  the  limits  of  the  “forwardness”  of  the  scattering 
(figure  2C).  This  is  really  encompassed  in  the  depth  independent  single-scattering 
parameter  Sq.  Again  we  see  the  general  agreement  of  various  phase  functions  and  the 
importance  of  the  scattering  parameter  in  the  scaling  of  the  medium.  This  scaling  will  be 
discussed  more  in  later  paper(s).  A  general  region  of  validity  with  the  above  errors  at  the 
endpoints  is  obtained  if  we  label  the  ColUmation  Domain 

2<r<rc  (11) 

with  Tc  empirically  determined  above  both  for  the  full  and  the  steady  state  beam  spread 
problem. 
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3J2)  Contracted  radiances 

The  distribution  functions  shown  here  are  from  runs  which  use  an  isotropic  phase 
function  (g=0)  of  5”  truncation  angle  (6^=5**).  The  solid  lines  in  all  the  cuiwes  represent 
the  analytical  formulae  given  by  equations  (2)  and  (5)  respectively.  These  analytical 
functions  were  generated  using  equations  (8)  and  (9)  to  fit  the  firee  parameter,  i.e., 

sq  =  and  St  = 

2z 

The  crosses  represent  the  Monte  Carlo  calculation  of  the  contracted  distribution  function. 

In  the  top  of  figure  4  we  have  the  projected  an^e  radiances  at  optical  depths  of  10 
and  40  in  a  conservative  medium.  We  see  die  same  quasi-Gaussian  nature  as  the  optically 
thin  cases  within  the  Collimation  Domain.  At  optical  depths  outside  this  domain  the 
functions  are  Gaussian  but  the  mean  square  scattering  angle  as  predicted  by  theory  does 
not  hold  (figure  2A).  Hie  Gaussian  nature  is  a  consequence  of  the  Central  limit  theorem, 
it  is  not  necessary  for  the  validity  of  die  theory.  Before  this  domain  the  shape  of  the  sinid®* 
scattering  exists  along  with  the  Gaussian  flavor  of  the  wings  as  shown  in  figure  3. 

The  latter  part  of  figure  4  represents  the  real  space  time  loss  (path  difference) 
distribution  for  the  same  case  as  above.  We  have  good  agreement  between  the  Monte  Carlo 
nnrt  the  analytical  results  given  by  equation  (5)  for  cases  within  the  Collimation  Domain. 
The  optically  thin  distributions,  which  are  not  sho^,  reveal  no  surprising  resulto.  They 
start  from  the  Lambert-Beer  law  of  pure  exponential  decay  for  the  single  scattering  into 
the  sharp  rise  followed  by  exponential  descent  for  the  optic^y  duck  cases  relevant  to  the 
Collimation  Domain.  Outside  the  domain  the  theory  fails  to  predict  the  fundamental  form 
of  the  temporal  radiance.  This  is  the  consequence  of  the  planar  approximation  (z  = 
constant)  to  the  sphericed  shell  (r  =  constant)  which  is  the  surface  which  actually  describes 
the  beam  spread. 


4.  CONCLUSIONS 

We  have  given  a  concise  definition  to  the  scattering  parameter  in  terms  of  the 
phase  function  of  the  medium  and  angular  spread  of  the  beam.  Our  code  built  on  the 
assumptions  of  van  de  Hulst  and  Kattawar  allowed  us  to  obtain  the  in*plane  radiance  and 
the  re^'Space  radiance  as  functions  of  the  five  fundamental  variables  of  the  problem. 
Thus,  we  Imve  obtained  the  impidse  solution  temporally  for  the  radiance.  This  allows  us  to 
compute  the  real  temporal  spread  of  an  actual  p^sed  collimated  laser  simply  by 
convolving  the  spread  fimction  of  the  laser  with  our  temporal  distributions.  This  should  be 
of  great  use  in  studying  such  turbid  media  as  mammalian  tissue. 

We  have  determined  an  empirical  definition  of  the  Collimation  Domain  {2  <  r  <  r^} 
where  the  small-angle  forward  scattering  theory  is  valid.  The  wide  variety  of  phase 
functions  used  shows  the  independence  of  this  ^main  to  the  particular  type  of  scattering 
exduding  the  demonstrated  dependence  on  the  mean  square  sini^e  scatter  Sq.  The  actual 
metamorphoses  of  the  phase  fimction  into  a  multiple  scattered  radiance  led  to  the 
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interesting  quasi-Gaussian  nature  of  the  projected  angle  distribution  while  in  the  domain. 
These  quasi-Gaussians  were  endemic  to  any  phase  hmction  in  the  region  of  validity.  Inside 
the  domain  a  Gaussian  profile  for  the  project^  angle  distribution  is  of  no  importance  to 
the  theory.  The  distribution  fimctions  only  become  true  Gaussians  deep  inside  the  domain 
lea^ng  to  the  conclusion  that  the  sini^e-scattering  parameter,  So,  and  the  optical  depth 
are  the  variables  of  fiindamental  importance  in  determining  the  region  of  validity  of  the 
theory  with  the  steady  state  problem  exhibiting  a  deeper  domain. 
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figure  (2)  In  (A)  the  scattering  parameter  for  the  6**  and  10°  phase  ftmctions  in  table  1  are  plotted  against 
the  theoretical  values  as  given  by  equation  (3).  (B)  shows  the  scattering  parameter  ofgaO,6U=5°  as 
determined  by  equations  (3)  and  (5).  In  (C)  the  scattering  parameter  for  g=0.945  with  6^s5°,10°,  and  20°  is 
plotted  against  the  theoretical  values  given  by  equation  (3). 
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Single  Scattering 
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figure  (3)g=0,  6^=5°  projected  angle  radiance  is  shown  for  various  small  optical  thicknesses. 
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Abstract 

Light  scattering  induced  by  turbulent  flow  in  seawater  has  been  studied  and  the  effect  of  seawater  turbulence  on 
the  propagation  of  a  collimated  light  beam  has  been  characterized.  Inhomogeneities  in  the  Refractive  Index  (IRI) 
of  seawater  are  characteristic  of  turbulent  flows.  Our  approach  is  to  describe  the  interaction  of  light  with  IRl  by 
solving  Maxwell’s  equations.  This  set  of  equations  is  converted  into  the  parabolized  Helmholtz  equation  in  the 
case  of  light  propagating  through  water  with  IRl.  We  characterize  the  light  scattering  within  a  water  parcel  by  the 
Volume  Scattering  Function  (VSF).  Field  measurements  of  small-angle  VSF  exhibit  a  sharp  peak  which  is  orders 
of  magnitude  greater  than  that  obtained  from  either  laboratory  measurements  or  Mie  calculations  for  suspended 
particles.  This  has  been  postulated  in  the  literature  to  be  turbulence  related.  Our  computer  simulations  show  that 
the  volume  scattering  function  obtained  is  indeed  characterized  by  an  exponential  decrease  with  scattering  angle  and 
is  in  quantitative  agreement  with  tn  situ  observations  in  the  case  of  high  temperature  variance  dissipation,  x-  These 
results  are  in  qualitative  agreement  with  a  previous  study  using  the  ray  tracing  technique.  It  appears  that  0(1*)  is 
the  upper  limit  of  turbulent  induced  light  scattering  in  the  ocean. 

1.  Introduction 

The  passage  of  a  coherent  electromagnetic  beam  through  a  pure  medium  in  turbulence  results  in  a  change  of 
light  velocity  which  in  turn  causes  distortion  in  intensity  and  phase  of  the  beam.  Light  propagation  through  the 
Earth’s  atmosphere  has  been  studied  extensively  and  many  models  have  been  developed  to  describe  atmospheric 
turbulence  (see  for  example  the  review  by  Strohbehn^).  Similar  studies  of  the  propagation  of  light  in  turbulent 
water  are  to  date  very  sparse  The  quantitative  description  of  light  scattering  within  a  water  parcel  is  given  by 
the  volume  scattering  function  (VSF)  (for  example  Spinrad  ^).  Field  measurements  of  small-angle  scattering  *  show 
that  the  VSF  exhibits  a  sharp  peak  which  is  orders  of  magnitude  greater  than  that  obtained  from  either  laboratory 
measurements  of  Spinrad®  or  Mie  type  calculations  for  non-turbulent  conditions®.  This  effect  (i.e.  peaking  of  volume 
scattering  function  at  small  angles)  has  been  attributed  to  scattering  by  turbulence  induced  inhomogeneities  in  the 
refractive  index  of  sea  water  (see  Yura®).  One  of  che  main  goals  of  this  paper  is  to  verify  this  conjecture 

Currently,  increased  use  of  optical  detectors  in  the  marine  environment  (for  example  biological  oceanography  and  in 
underwater  imaging  and  communications)  makes  quantifying  the  role  of  turbulence  an  important  task.  Fortunately, 
only  small-scale  fluctuations  in  the  refractive  index  due  to  the  flow  field  are  relevant  for  light  propagation.  These 
small-scale  features  are  only  weakly  dependent  on  the  large-scale  flow  and  thus  are  similar  for  different  flow  types^. 

The  interaction  of  light  with  fluid  inhomogeneities  associated  with  turbulence  has  long  been  utilized  in  laboratory 
observations  of  turbulence  (t.e.,  using  the  shadowgraph  technique)®.  This  technique  can  also  been  used  in  situ,  as 
was  done  to  visualize  a  double-diffusive  instability 

It  is  extremely  difficult  to  obtain  optically  clean  water  for  laboratory  experiments  of  light  scatter  due  only  to 
turbulence;  thus  we  have  chosen  to  do  a  numerical  experiment.  Any  simplifying  assumptions  about  the  structure  of 
turbulent  flow  fields  can  lead  to  unexpected  errors'®,  and  so  we  have  chosen  to  use  a  direct  numerical  simulat  e. 
We  propagate  light  through  this  modeled  turbulent  field  to  quantify  the  interaction  of  light  scatter.  Here  we  present 
the  results  of  our  numerical  experiment. 
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2.  Theoretical  Background 
2.1.  Inhomogeneities  m  the  refractive  index 

Inhomogeneities  in  the  refractive  ind'^x  (IRI)  are  characteristic  of  turbulent  flows.  Under  typical  oceanic  conditions, 
these  inhomogeneities  appear  to  be  temperature  dominated.  In  general,  however,  the  real  part  of  the  refractive  index 
of  seawater  varies  with  changes  of  temperature,  salinity,  and  pressure  (changes  in  the  imaginary  part  of  the  refractive 
index  of  water  are  negligibly  small  compared  with  the  real  part‘d).  The  effect  of  pressure  can  be  neglected  for  spatial 
scales  on  the  order  of  a  meter  or  smaller.  The  variance  of  the  IRI  can  be  expressed  as  the  sum  of  the  variance 
associated  with  temperature  and  salinity:  =  (riy)  +  (n|)  ^  ,  where  ()  denotes  spatial  averaging,  n  is  the 

refractive  index,  and  nj  and  ns  are  the  contributions  of  temperature  and  salinity  respectively. 

In  the  ocean,  background  temperature  and  salinity  induce  quite  different  variance  in  the  IRI.  For  example,  data 
from  the  coastal  region  off  Oregon  (J.  Mourn,  pers.  comm.)  show  that  variance  of  the  refractive  index  due  to 
temperature  is  much  larger  than  that  due  to  salinity.  Thus,  only  temperature  induced  IRI  will  be  considered  in  this 
study,  so  hereafter  n  =  nr- 

The  Icirgest  and  smallest  size  of  temperature  inhomogeneities,  and  consequently  of  IRI,  can  be  inferred  from  the 
observed  oceanic  rates  of  turbulent  kinetic  energy  dissipation,  €.  In  the  lowest  limit,  the  spatial  scale  is  approximately 
given  by  the  Kolmogorov  scale  2jr(i/^/£)^/^,  where  i/  is  the  molecular  viscosity.  Under  typical  oceanic  conditions, 
dissipation  is  found  to  be  between  10~®  and  10“®  iV/feg  Given  this  range  of  dissipation,  the  Kolmogorov  length 
typically  varies  between  10~^  and  10°  m.  The  contribution  of  the  IRI  on  scattering  is  largest  for  the  smallest  IRI 
structures®.  Therefore  in  this  study  we  will  concentrate  on  light  scattering  by  IRI  atructures  at  the  Kolmogorov 
scale. 


2.2.  Interaction  of  IRI  with  light 

The  interaction  of  light  with  IRI  is  described  by  Maxwell’s  equations.  This  set  of  equations,  in  the  case  of  forward 
scattered  light,  can  be  converted  into  the  parabolized  scalar  Helmholtz  equation In  this  equation,  if  light  initiedy 
propagates  along  the  z-axis,  we  have: 


where  xp  represents  the  amplitude  and  the  phase  of  the  electric  field,  k  is  the  light  wavenumber,  n(r)  is  the  spatially 
varying  refractive  index,  and  no  is  the  mean  refractive  index.  We  obtain  the  refreictive  index  field  from  direct 
numerical  simulation  (DNS).  This  equation  is  derived  from  the  full  set  of  Maxwell’s  equations  and  is  accurate  as  long 
as  the  propagating  light  creates  small  or  moderate  diffracting  angles  with  respect  to  the  propagation  axis^^  . 


3.  Methods 

To  confirm  the  conjecture  about  importance  of  the  light  scattering  by  turbulence  at  small  angles  we  have  used 
data  from  Ruetsch  and  Maxey  They  simulated  turbulent  flow  field  data  on  a  96®  grid  point  flow  field  with  an 
embedded  temperature  field  as  a  passive  scalar.  The  Prandtl  number  used,  Fr  =  0.5,  is  not  very  realistic  since  Pr 
for  water  is  7.  We  use  these  data  to  model  the  temperature  distribution.  Thus  here  temperature  spectra  and  velocity 
are  similar. 

The  low  Pr  means  that  the  smallest  temperature  structures  will  be  somewhat  larger  than  the  structures  in  velocity. 
Therefore  the  presently  used  DNS  data  set  does  not  reproduce  representatively  small  temperature  scales.  This  leads 
to  an  underestimate  of  the  volume  scattering  function.  For  future  work,  we  will  use  a  simulation  with  Pr  =  7. 

The  flow  has  a  microscale  Reynolds  number  of  60  (and  500  at  the  cube  scale).  This  is  small  in  comparison  to 
typically  observed  geophysical  flows  where  the  Re  is  at  least  of  order  10®  in  typical  oceanographic  applications  and 
over  scales  of  m.  The  disparity  between  the  Re  of  realistic  flows  and  that  of  the  simulation  is  fortunately  not  an 
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important  factor  for  the  light  scattering  process.  It  can  be  shown  that  the  largest  contribution  to  light  scattering 
comes  from  the  smallest  temperature  scales  which  are  locally  isotropic^  .  Thus,  in  order  to  reproduce  light  scattering 
on  the  turbulent  how  we  only  have  to  reproduce  accurately  small  scale  fluctuations  of  the  scalar  field.  This  can  be 
achieved  by  scaling  the  simulated  temperature  distribution  with  field  data. 

Our  observational  dataset  has  been  kindly  provided  by  J.  Mourn  from  the  TOGA-COARE  experiment  (Fig  1). 

We  use  the  spectra  '  T  energy  {E)  and  that  of  fiuctuating  temperature  energy  {Et)  to  scale  the  simulated  temper¬ 
ature  field.  The  scaling  was  done  in  such  a  way  that  the  ratio  of  Et  nnd  E  from  the  simulation  is  set  equal  to  the 
ratio  obtained  from  the  in  situ  measurements  for  high  wavenumbers,  (assuming  universal  equilibrium  range  spectra). 
The  scaling  of  the  refractive  index  fiuctuations  reveals  that  they  are  strongly  dependent  on  the  observed  ratio  of  e  to 
the  rate  of  dissipation  of  temperature  fiuctuations  x-  Thus  in  our  simulations  we  keep  e  constant  (10“®W/%)  which 
fixes  the  size  of  the  smallest  velocity  scales.  This  is  among  the  largest  observed  dissipation  values,  which  ensures 
maximum  IRI.  We  then  chose  two  extreme  cases  of  x:  weak  (10“*^A^/s)  and  strong  (10“®/t^/s).  These  cases  are 
shown  in  the  context  of  the  observational  data  in  Fig  2. 

Both  values  were  observed  within  the  surface  mixed  layer  (see  Fig  1).  The  stronger  one  corresponds  to  mixing 
conditions  like  those  at  the  base  of  the  mixed  layer  (70  m)  while  the  lower  x  is  similair  to  mixed  layer  values.  We 
have  chosen  these  extreme  cases  to  examine  the  full  range  of  variability  for  high  e.  The  high  x  value  is  infrequent: 
it  only  made  up  1%  of  the  observational  data  set  used  here. 

We  solved  equation  (1)  numerically  using  the  pseudo-spectral  second  order  method  described  in  Strohbehn^.  The 
code  was  written  in  Fortran  for  the  San  Diego  Cray  C90.  The  result  of  simulating  light  propagation  is  that  we 
obtain  light  intensity  in  W/m^  and  direction  in  radians  at  cross-sections  of  the  sample  cube  perpendicular  to  light 
direction.  Here  we  report  the  volume  scattering  function  VSF  at  a  given  wavelength  {k  =  as  the  scattered 

radiant  intensity  /  in  a  direction  0  per  unit  scattering  volume  dV  divided  by  the  incident  irradiance  E 


VSF{e)  = 


dm 

EdV 


(2) 


We  also  compare  the  results  obtained  by  propagating  light  using  the  geometrical  optics  method  (ray  tracing). 


4.  Results 

We  determined  the  spatial  distribution  of  the  complex  V'(X|  y)  of  the  light  after  its  passage  through  a  simulated 
turbulent  fiow  field  using  the  parabolized  Helmholtz  equation.  These  data  were  converted  into  light  distribution 
intensity  ana  the  VSF  were  estimated  for  each  of  the  two  cases  of  x  . 

The  emerging  from  the  turbulent  fiow  field  irradiance  distribution  (Fig  3)  has  a  banded  structure  reminiscent  of 
shadowgraphs  taken  in  laboratory  experiments.  It  is  also  similar  to  the  observed  irretdiance  distribution  obtained 
using  the  ray  tracing  technique^®. 

The  relative  variability  of  the  irradiance  {E  —  Eo)/Eo  is  of  order  10~^  in  the  case  of  weak  x  and  10“^  in  the  case 
of  strong  X-  Despite  this  difference,  the  spatial  distribution  of  the  irradiemce  is  the  same.  This  may  be  because 
the  Prandtl  number  is  too  small,  that  is  the  smallest  temperature  scales  are  not  likely  to  be  generated  in  the 
simulation.  The  smallest  IRI  are  mostly  associated  with  velocity  structures;  since  both  cases  have  the  same  e,  the 
light  distribution  would  be  the  same.  More  importantly,  the  outgoing  light  is  measured  at  20  cm,  which  is  within  the 
pre-caustic  (focusing)  zone.  The  relative  variability  of  the  irradiance  is  thus  not  fully  developed^®,  as  the  variability 
has  not  reached  maximum  value.  Maximum  variability  is  attained  within  distance  of  0(m)  from  the  turbulent 
volume  given  the  parameters  used.  It  may  also  be  that  the  outgoing  light  pattern  is  independent  of  x  within  a 
certain  parameter  range.  This  is  a  tantalizing  result,  but  cannot  be  verified  until  higher  Pr  cases  are  examined 
beyond  the  pre-caustic  zone,  and  for  a  range  of  f  values. 

More  quantitative  results  come  from  analyzing  the  VSF  angle  dependence  (Fig  4). 

Both  cases  show  a  similar  functional  form,  which  can  be  divided  in  three  regions.  For  the  smzdlest  angles,  the  VSF 
changes  very  slowly,  and  there  is  a  threshold  beyond  which  no  energy  is  propagated.  From  physical  reasoning  we 
expect  a  continuous  function.  The  paucity  of  points  is  associated  with  numerical  truncation  used  in  light  propagation 
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Figure  1: 

Profile  of  €,  X,  temperature  and  salinity  from  TOGA-COARE  experiment  (courtessy  J.  Mourn). 
Our  choice  of  e  and  x  corresponds  to  the  observed  parameters  between  60m  and  80  m  depth 
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Frequency  distribution  of  Chi  for  Epsilons  1(yx-6)  [W/kg] 


Figure  2: 

A.  Scatter-plot  of  the  observed  c  vs.  x  in  the  observational  data  set.  B.  Frequency  distribution  of  x  for  the  chosen 
e  =  10-«  W/kg. 
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Side  length:  20  cm 


Figure 

Spatial  distribution  of  the  irradiance  after  its  interaction  with  the  turbulent  flow. 
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1'  igure  4; 

A.  Calculated  VSF  for  two  x  cases.  VSF  measured  by  Petsold^  and  contribution  to  VSF  from  large  particles’  is 
shown.  B.  High  x  VSF  case  in  log-normal  representation  with  particles  contribution  to®  VSF  and  VSF  observed 
by  Petzold^ 
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routine.  For  the  largest  angles,  we  observe  random  fluctuations  around  a  constant  VSF.  This  variability  is  again 
associated  with  numerical  truncation  error.  The  intermediate  region  is  the  main  result.  This  region  encompasses  two 
orders  of  magnitude  in  scatter  angle  and  three  orders  of  magnitude  in  VSF.  (This  is  consistent  with  tests  carried 
out  on  the  numerical  solution  of  equation  (1)  for  a  known  functions  V’  and  n,  in  which  the  dynamic  range  was  at  least 
three  orders  of  magnitude.)  In  this  region,  the  VSF  decreases  exponentially  with  the'scatter  angle.  This  behavior 
is  consistent  with  the  measurements  of  Petzold^  and  the  numerical  simulation  for  Mie  scattering  on  particles  carried 
out  by  Shifrin®.  We  can  observe  this  in  Fig  4.  There  we  can  see  our  results  overlayed.  with  the  VSF  observed  by 
Petzold^  Etnd  compare  the  particle  contribution  to  the  VSF.  As  we  see  there  the  largest  particle  contribution  is  fmrly 
constant  between  angle  0.1°  and  1°  and  decreases  rapidly  for  angles  larger  than  1  deg.  At  the  same  time  for  angles 
between  0.1°  and  1°,  the  observed  VSF  (Petzold^)  changes  by  2  orders  of  magnitude  similuly  to  our  calculations. 
These  observations  were  made  in  the  fairly  energetic  offshore  subsurface  zone.  Our  modeled  results  for  the  case  of 
high  X  show  agreement  with  his  field  measurements. 

In  the  case  of  low  x,  light  is  scattered  between  angles  10“^  of  10~*  °.  For  the  case  of  high  x>  light  is  scattered  over 
a  greater  range  to  0(1°).  Although  the  simulated  high  x  case  gives  scattered  light  at  relatively  large  wgles,  this  is 
an  infrequent  value  for  the  oceanic  environment.  Nonetheless,  uncertainties  in  optical  measurements  in  seawater  due 
to  turbulence-induced  scattering  may  reach  up  to  1°  for  high  temperature  variance  situations. 

The  exponential  decrease  of  the  VSF  with  increasing  angle  was  also  independently  observed  in  the  simulations 
using  the  ray  tracing  technique^®. 


5.  Conclusions 

1 .  The  light  intensity  distribution  exiting  the  cube  exhibits  a  banded  pattern,  similar  to  that  observed  in  laboratory 
shadowgraphs. 

The  pattern  obtained  by  solving  the  parabolized  Helmholtz  equation  is  similar  to  that  obtained  from  the  ray 
tracing  technique. 

2.  The  light  intensity  distribution  for  the  two  cases  of  x  values  are  identical.  Thus  the  distribution  is  probably 
weakly  dependent  on  the  low  Pr  value  and  a  consequence  of  sampling  within  the  pre-caustic  zone.  It  may  also 
indicate  that  there  is  a  parameter  space  for  which  light  scatter  intensity  is  driven  by  e  only. 

3.  The  volume  scattering  function  is  characterized  by  an  exponential  decrease  oiVSF  with  scatter  angle. 

4.  Our  results  suggest  that  turbulence  may  be  responsible  for  the  unexplained  scatter  at  small  angles  observed  in 
in  situ  experiments. 

5.  It  appears  that  a  scattering  angle  of  1°  is  the  upper  limit  for  turbulence-induced  light  scatter  in  the  ocean.  All 
measurements  relying  on  light  propagating  in  the  ocean  within  this  angle  may  be  affected  by  turbulence. 
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ABSTRACT 

We  have  shown  in  an  earlier  papa  that  by  measuring  the  decay  of  the  irradiance  field  due  to  a  point  source,  the  absorption 
coefficient  of  the  medium  can  be  determine.  A  central  parameter  in  this  method  is  the  average  cosine  of  the  radiance 
distribution  at  each  measurement  point.  From  measurements  of  the  Point  Spread  Function  (PSF),  an  estimate  of  the  average 
cosine  can  be  determined.  However,  experimentally  the  PSF  is  routinely  measured  only  to  12  degrees.  We  have  also  previously 
shown  a  method  which  relates  the  small  angle  PSF  measurements  to  an  empirically  derived  analytic  formulation  of  the  Beam 
Spread  Function  (BSF)  which  extends  to  90  degrees.  We  will  present  an  independent  test  of  this  method,  and  then  use  the  BSF 
to  determine  the  average  cosine  for  varying  ranges  (from  the  point  source)  and  water  properties.  In  this  way  we  can  estimate 
how  rapidly  the  average  cosine  varies,  and  its  relative  importance  in  the  field  measurements  of  the  absorption  coefficient  with 
these  techniques. 


1.  INTRODUCTION 

One  of  the  most  important  parameters  in  describing  the  propagation  of  light  is  the  total  absorption  coefficient  of  the 
medium.  This  parameter  is  also  one  of  the  most  difficult  to  properly  measure.  In  almost  every  technique,  light  scattering  can 
interfere  with  the  measurement  to  some  extent.  Additionally  there  are  unanswered  questions  about  the  variability  of  the 
absorption  coefficient  with  changes  in  the  measurement  scale,  the  so-called  "scales  problem".  Often  the  inherent  critical 
properties  of  the  medium,  such  as  scattering  and  absorption,  are  required  for  prediction  of  the  light  field  through  radiative 
transfer  modeling.  In  this  case  a  large  scale  measurement  technique  is  most  appropriate.  The  most  common  method  of 
measuring  absorption  on  a  large  scale  is  through  some  varitoion  of  Gershun's  Law.  ^  This  equation  relates  the  average  cosine  of 
the  light  field  and  the  falloff  of  scalar  or  vector  irradiance  with  the  absmption  coefficient.  Most  commonly,  the  light  source 
used,  or  proposed,  is  the  natural  solar  illumination.  In  an  earlier  paper,^  we  discussed  how  a  point  source  may  be  used  as  a  light 
source  and  illustrated  the  differences  in  the  resulting  Gershun's  Uiw  when  the  light  field  exhibits  spherical  symmetry,  rather  than 
plane  parallel  symmetry  as  resulting  from  solar  illumination.  A  key  factor  in  this  technique  is  the  average  cosine  of  the  light 
field  resulting  from  the  point  source.  In  this  paper  we  will  illustrate  one  method  of  estimating  the  average  cosine,  given  small 
angle  measurements  of  the  PSF.  With  these  results  we  will  illustrate  the  predicted  variation  of  the  average  cosine 

2.  BACKGROUND 

In  a  previous  paper,  we  showed  that  the  absorption  coeflicient  can  be  related  to  the  irradiance  attenuation  from  a  point 
source  using  Gershun's  Law  in  spherical  coordinates.  The  equation  relating  these  factors  is: 

Where  a(z)  is  the  absorption  coefficient,  (z)  is  the  diffuse  attenuation  coefficient  for  vector  irradiance  from  an  isotropic 
source,  z  is  the  distance  from  the  source,  and  ]l,{z)  is  the  radial  average  cosine: 
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Where  0  is  the  angle  between  the  point  source  and  incoming  radiance  (zero  for  radiance  coming  from  the  point  source,  ic  when 
going  toward  the  point  source).  Unfortunately,  because  the  PSF  falls  off  very  rapidly  with  angle,  it  is  difficult  to  measure  this 
function  at  large  angles.  The  method  we  are  currently  using  to  measure  the  PSF  was  originally  devel(q)ed  by  Honey^  and 
involves  a  point  source  (a  flashlamp)  and  a  camera  system.  Descriptions  of  the  instrument  and  calibration  techniques  have  been 
discussed  previously.  ^  However  to  this  discussion  it  is  relevant  that  this  instrumentation  only  measures  the  PSF  between  1- 
200  milliradians.  Thus  to  obtain  the  PSF  over  a  larger  angular  range,  some  numerical  method  must  be  used  to  extrapolate  these 
data.  We  have  described  a  method^  which  uses  an  empirically  derived  equation  for  the  Beam  Spread  Function  (BSF)  derived  by 
Duntley  and  coworkers  at  the  Visibility  Lab,  Scripps  Institution  of  Oceanogr^hy.^  The  empirical  relationship  of  the  beam 
spread  vs.  angle  is  given  by  the  expression: 


BSF(0)» 


m)  10  qb 

P  2Kpsin6 


(1) 


where: 

A=1.260^.375  (c  z)[0.710t0.489(a  /  c)] .  [i.378+0.053(c  /  a)]  10  -cri0.268+0.083{c  /  a)) 

B=l-2(10-*^ 

C=^{  [(e/F)3/2 +112/3.1) 

D  *  c  z  [0.018+0.011  (c  /  a)+0.001725  c  z] 

F.  [13.75  -  0.501c  /  a]  -  [0.626  -  0.0357  c  /  a]  c  z  +  [0.01258  +0.00354  c  /  a](c  z)2 

In  these  expressions  E(6)  is  the  irradiance  measured  off-axis,  P  is  the  beam  power.  9  the  angle  (in  degrees)  with  respect  to 
the  unscattered  collimated  light,  c  is  the  beam  attenuation  coefficient,  z  the  range,  and  a  the  abscwption  coefficient  In  the  earlio- 
paper  we  have  shown  a  method  to  fit  experimental  ocean  measurements  with  q)ecific  values  of  the  ate  and  cz  parameters.  To 
summarize  this  method: 


1.  Profiles  of  the  beam  attenuation  with  depth  are  used  to  determine  the  total  optical  pathlength,  t,  for  each  PSF 
measurement 
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2.  From  individual  graphs  of  log(PSF)  vs.  log(angle[milliradian])  the  slope,  m,  in  the  region  between  4  and  100  milliradian 
is  found.  This  step  depends  on  the  observation  that  the  graph  of  the  log(PSF)  vs.  k>g(angle)  is  almost  linear  in  this  region. 

At  this  point  one  has  a  relationship  for  the  PSF  such  that: 

PSF(e)  =  Bi  0'«. 

where  mis  the  slope  of  log(PSF)  vs.  log(angle).  Bi  is  related  to  the  offset  in  this  relationship. 

3.  Next  one  uses  the  obsovation  that  thoe  is  a  regular  relationship  of  m  with  x.  A  relationship  of  the  form  m  =  A  *  10 
provided  a  good  flt  with  the  empirical  equation  for  a  given  ale  .  Figure  1  uses  a  new  data  set,  obtained  in  clear  water  off  of 
Hawaii,  to  illustrate  the  behavior  of  this  function. 


4.  If  one  uses  the  flt  flom  Fig.  1  and  plots  the  resultant  B  on  the  curve  in  iMg.  2  ale  can  be  obtained.  Note  that  this  ale  may 
not  be  the  real  o/c  in  the  water.  It  is  the  ale  which  can  be  used  to  fit  the  experimental  data  to  the  empirical  formula.  In  Fig  2  the 
values  are  shown  for  the  calculations  along  with  the  value  found  previously  for  TOTO  (Tongue  of  the  Ocean,  Bahamas),  the 
coastal  Pacific  (PO),  Sargasso  Sea  (SS)  and  Hawaii. 


Fig  1)  Illustration  of  functional  flt  of  m  vs  x  for  a  data  set  taken  off  of  Hawaii.  This  shows 
how  a  simple  function  will  relate  x  to  m  for  a  single  data  set.  All  data  is  from  one  cast 
with  varying  pathlengths  in  fairly  homogenous  water.  This  data  was  taken  at  SOO  nm. 
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Fig.  2)  Relation  of  a/c  for  empirical  equation  and  the  B  coefficient  found  using  m  vs  L 
This  graph  shows  both  the  re^ts  from  the  empirical  equation  (B  found  for  each  a/c 
value  for  the  empirical  equation)  and  the  B  resulting  from  the  different  cruise  data. 

This  graph  enables  one  to  And  the  correct  a/c  to  use  when  extrapolating  the  PSF  to 
larger  angles. 

5.  It  is  also  necessary  to  make  correction  to  x  using  the  A  derived  in  the  above  equation.  The  cmrection  was  empirically 
found  to  be: 

cz  =  t-log(4/2.158)/B 

In  the  case  of  the  Hawaii  data  this  correction  results  in  the  addition  of  0.41  to  the  optical  pathlength  found  from  the  c 
profiles.  This  change  is  probably  related  to  matching  the  physical  size  of  the  source  in  the  oceanic  measurements  to  that  of  the 
tank  tests.  It  has  a  relatively  small  effect  at  large  ranges,  but  increases  the  effective  palhlength  for  short  ranges. 

After  following  the  above  steps,  one  can  generate  a  PSF  using  the  cz  a/c  and  range  (z)  with  which  to  compare  to  our 
experimental  data.  Two  PSFs  from  the  Hawaii  data  set,  with  extreme  differences  in  qitical  pafolength,  were  chosentooillustrate 
the  At.  In  the  short  pathlength  case  t  was  2.23  (obtained  Aom  the  beam  attenuation  profile)  and  the  range  was  32  m.  The 
parameters  needed  for  the  empirical  equation  were  ale  »  0.4S  and  czs  x  0.41.  The  comparison  of  the  experimental  PSF  and 
the  calculated  PSF  are  shown  in  Fig.  3.  In  the  long  pathlength  case  x  was  7.07,  the  range  was  100m,  and  the  other  factors  were 
constant.  The  comparison  of  the  experimental  data  and  the  empirical  equation  for  this  case  is  shown  in  Fig  4.  In  both  these 
cases  the  PSFs  generated  with  the  equation  were  normalized  to  the  experimental  data  at  10  milliradians.  As  can  be  seen  the  At  is 
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very  good  over  the  range  of  the  experimental  data  in  both  cases.  The  largest  deviations  appeal  at  small  angles  in  the  shorttf 
range  data  set  and  is  undoubtedly  cmised  by  the  finite  size  of  die  source  appeating  in  our  experimratal  data. 


Fig.  3)  Graph  showing  the  extrapolated  PSF  and  an  experimentally  measured  PSF. 
Extrs^ladon  using  technique  described  in  text  This  data  is  for  2.23  qitical  dqiths,  a 
range  of  32  m.  a/c  -  0.45  and  cz=  t+0.41.  Data  obtained  at  500  nm. 


3.  AVERAGE  COSINE 

Our  method  for  fitting  the  measured  PSF  to  Dundey's  equaUon  allows  us  to  estimate  the  average  cosine.  An  important 
factor  is  that  the  extrapoladon  only  extends  to  90  degrees.  The  irradiance  reflectance  of  the  water  can  be  used  to  estimate  the 
error  that  neglecting  the  radiance  firom  angles  larger  than  90  degrees  might  contribute.  For  solar  illumination,  the  irradiance 
reflectance  at  500  tun  is  iqiinoximately  5%  (+-5%)  dependent  on  the  constituents  in  the  water  column.  Given  a  water  reflectance 
of  this  magnitude,  the  average  cosine  for  0-90  degrees  will  overestimate  the  true  avoage  cosine  by  tqiproxitnately  10%.  This 
effect  will  be  smallest  when  close  to  the  source(vety  peaked  radiance  distribudon)  and  largest  when  farther  away  from  the  source 
(more  diffuse  radiance  distribution),  and  depend  on  tte  shape  of  the  volume  scattering  function  of  the  water. 

In  Figure  5  we  show  the  variation  of  the  average  cosine,  calculated  with  the  empirical  equadon,  for  the  4  data  sets.  As  can 
be  seen,  at  short  ranges  (less  than  3  attenuadon  lengths)  the  average  cosine  is  larger  than  0.9,  thus  has  less  of  an  affect  on  the 
absorption  measurement  Fdr  larger  distances  however,  the  average  cosine  decreases  substandally,  thus  must  be  taken  into 
account  when  deriving  the  absorpdon  coefficient  from  the  irradiance  decay.  Some  of  the  locadon  dependent  variadon  in  the 
behaviOT  of  the  average  cosine  can  be  removed  if,  instead  of  c  attenuadon  lengths,  the  data  is  displayed  versus  b  lengths.  Since 
to  first  order,  the  width  of  the  PSF  (thus  the  slope,  m)  should  be  propwdonal  to  the  number  of  scattering  events,  using  b  lengths 
instead  of  c  Iragths  takes  out  the  dependence  on  bic  (ct  a/c).  The  does  remove  some  of  the  variadons  for  short  attenuadon 
lengths  (less  than  3  b  lengths)  however  for  longer  ranges  the  extra  absorpdon  involved  in  the  large  angles  fionger  paihlength) 
seems  to  remove  the  invariance  on  a.  This  is  an  area  where  we  will  be  doing  further  work. 
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log  (angle[niillirad]) 

Fig.  4)  Graph  showing  the  extrapolated  PSF  and  an  experimentally  measured  PSF, 

Extrapolation  using  technique  described  in  text  This  data  is  for  7.07  optical  dq)ths, 
a  range  of  100  m.  dc  =  0.45  and  cz=  t+0.41.  Data  obtained  at  500  nm. 

The  effects  of  the  constituent  measurements  (/T,  £,  £'  (the  flashlamp  irradiance  output),  and  z  on  the  absorption 
measurement  can  be  found  by  a  simple  differentiation  of  the  first  equation.  After  taking  the  derivative  and  some  substitutions  the 
following  equation  can  be  found: 
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Note  that  the  first  term  on  the  right  is  the  error  in  the  determination  in  Ji  and  shows  that  the  error  in  a  is  directly  proportional  to 
the  aror  in  the  determination  of  Ji  (or  ignoring  it  completely).  An  error  of  20%  in  Ji,  causes  an  error  in  a  of  20%.  The  second 
enw  is  due  to  measurement  problems  with  separation  of  the  source  and  collector.  Neglecting  problems  with  wire  angle,  most  of 
these  errors  are  on  the  order  of  10  cm.  At  large  distances  this  error  term  can  go  away,  but  it  may  be  important  at  short  distances. 
The  third  term  is  due  to  error  in  the  measurement  of  the  irradiance,  and  the  fourth  term  is  due  to  errors  caused  by  die  flashlamp 
variations.  Both  the  third  and  fourth  terms  are  most  important  at  short  distances,  and  can  be  minimized  in  homogenous  waters  by 
using  least  squares  line  fitting  and  other  techniques  which  minimize  the  statistical  deviations.  Overall  the  average  cosine  term  is 
the  only  term  which  enters  the  error  budget  direcdy.  At  short  distances  this  term  can  be  neglected,  because  the  average  cosine  is 
very  close  to  1 ,  however  at  longer  distances,  where  the  other  terms  are  small  this  term  must  be  taken  into  account 
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Fig.  S)  Average  cosine  vs  tau  (x).  Average  cosine  derived  from  empirical  extrapolation. 

Coefficients  used  in  the  extrs^lation  derived  horn  the  fitting  procedure  described  in  text.  This 
is  method  is  based  on  measurements  at  for  SOO  nm.  Illustrates  that  the  average  cosine  can  vary 
significantly  in  the  first  IS  attenuation  lengths. 

4.  CONCLUSION 

A  method  first  presented  in  Voss  for  fitting  the  measured  PSF  to  Duntley's  empirically  derived  equation  fw  the  BSF ,  was 
used  to  extr^x)late  the  measured  PSF  out  to  90  degrees.  The  extrapolated  PSF  was  then  used  to  estimate  the  average  cosine  of 
the  light  field  due  to  a  cosine  source  embedded  in  the  ocean.  The  method  appears  to  work  well  and  reveals  a  substantial  change 
in  the  average  cosine  over  a  range  of  15  optical  lengths  from  the  source.  V^en  simultaneous  measurements  of  the  PSF  and  the 
irradiance  from  an  isotropic  source  are  available,  our  average-cosine  estimation  technique  can  be  used  to  improve  flte  accuracy  of 
estimating  the  absorption  coefficient  fiom  the  irradiance  attenuation. 
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ABSTRACT 

Diffuse  attenuation  coeflidents  for  spectral  irradiance  K^iz.k)  and  the  total  Chi  a+  Pheo  a  pi  gment-spedfic  absorption  of 
light  by  particles  (a*(A).  algae  +  detritus),  were  determined  during  2  cruises  (Cardeep  2  and  3)  in  the 
Greenland/lceland/Norwegian  (GIN)-Seas. 

The  Cardeep  2  cruise  (April  -  May  1993)  represented  a  typical  prebloom  situation  with  deep  mixing  and  low  pigment 
concentrations.  Particulate  matter  was  dominated  by  fdiytopiankton.  Cardeep  3  (July  -  August  1993)  was  characterised  by 
large  fluctuations  in  {ngment  concmtrations  and  spedes  composition. 

The  diffuse  attenuation  coeffident  ranged  from  0.064  to0.130m'*  (441  nm)  for  Cardeq>  2  and  3.  respectively.  The  pigment 
(Chi  a  +  Pheo  a)  spedflc  attenuation  coeffident  was  compared  with  Mord's^  ^  nra-linear  model  for  light  prt^iag^on 

of  solar  energy  in  the  ocean  and  with  the  pigment  spedfic  absorption  coefTldent  by  partides,  a* .  Our  IC^(k)  spectrum  for 
the  GIN-Seas  was  in  good  agreement  (within  13  %)  with  values  derived  from  Morel's^^  modd  for  pigment  spedfic  light 
attenuation  for  1  mg  (Chi  a  +  Pheo  a)  m'^  for  wavelengths  in  the  blue  part  of  the  spectrum.  K^(k)  (apparent  optical 
|noperty)and  a*  (A)  (inherent  optical  property),  were  in  good  agreement  except  at  wavelengths  >  665  and  <  441  nm.  This 
was  only  true  for  the  o^fA)  spectra  for  which  the  optical  density  from  750  -  800  nm  was  not  subtracted^*®.  The  higher 
values  of  JfJ(A)  relative  to  a*(A)  at  410  nm  were  probably  due  to  small,  but  optically  significant  endogenous 
concentrations  of  yellow  substances'^*^^  which  enhance  tiw  blue  part  of  the  K^(k)  spectrum^^. 

1.  INTRODUCTION 


The  Greenland/lcdand/Nonvegian  (G1N)-Seas  are  sites  of  significant  deep  water  formation  in  winter  and  play  an  important 
role  in  the  export  of  carbon  from  the  sea  surface  towards  depth.  Biological  and  jdiysical  processes  tberefme  are  of  particular 
interest  in  this  area.  Models  for  the  algal  growth  rate  are  crudal  for  quantifying  primary  productivity.  Sudi  modds.  in  turn, 
require  regional  models  of  the  pigment-specific  light  attenuation  due  to  particles  within  the  euphotic  layer  where 
photosynthesis  occurs^.  Little  in  situ  optical  work  has  been  done  in  the  Greenland  Sea  area,  however,  bio-optical 
rdationships  for  the  region  have  been  reported^*^ 


In  such  models  the  diffuse  attenuation  coeffident  spectrum  for  downwelling  irradiance  A^(z.A)  is  crucial  because  it 
describes  quantitatively  and  directly  the  attenuation  of  downwelling  solar  radiation  within  the  water  column.  Kj{z,X).  is 
defined  as  the  rate  at  which  the  natural  logarithm  of  the  downwdling  irradiance  Ej(,z,k)  is  attenuated  with  depth 


Jfrf(z.A) 


d(ln(£:.,(z.A)) 

dz 


(1) 


The  main  object  of  this  work  is  to  study  the  variation  of  the  spectral  properties  d  the  underwater  light  fidd.  and  in  particular 
the  variation  of  K^(z,k)  and  the  ingment-spedfic  attenuadoo  coefildent  spectrum  for  particulate  matter  AC^(z,  A) .  We  also 
look  at  the  rdative  contributions  ^  the  attenuation  of  light  by  pure  water,  phyt(^lankton,  and  non-algal  matter  to  the  total 


1.1.  Abbreviations 


A  Wavdength  (mn) 

z  Dq)th(m) 

£^(A)  Spectral  downwdling  irradiance  [|iW(cm^  nm)'^] 
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/r^(A)  Allenualioacoeflidentspectnun  fordownwellinsirnidiaiioe(in'^) 

^w(A)  Attenuation  coefTident  spectnim  due  to  pure  water  (m' ^ 

K,(k)  Attenuation  coetTident  speclnun  for  dissolved  organic  materials  (m*  ^ 

Ik^(A)  Pigment  (Chi  a  +  Pheo  a)  spedfic  attenuation  coedldent  spectnim  for  downwelling  irradiance  (m^[mg  (Chi  a  + 
Pheo 

PAR  Photosynthetically  available  radiation  (pmol  quanta  m*^  s* 

Z,.  Depth  of  the  euphotic  zone,  defined  as  the  depth  where  PAR  is  reduced  to  1%  of  its  vidue  at  the  surface  (m) 

C,,  Mean  pigment  (Chi  a  +  Pheo  a)  concentration  within  the  euphotic  zone  (mg  m*^) 

Optical  density  of  sample  in  suspension 
ODfp  Optical  density  of  total  particulate  matter  on  filter 
s  Qearance  area  of  the  filter  (m^) 

V  Volume  of  filtered  seawater  (m^) 

a  Total  absorption  coeflident  (m' 

a  Absorptiem  coefTident  of  total  particulate  matter  (m* 

Absorption  coefTident  of  total  particulate  matter  per  unit  of  (Chi  a  +  Pheo  a)  concentration  (m^  [mg  (Chi  a  +  Pheo 
0)1- •) 

Oj  Absorption  coefTident  of  particulate  detrital  matter  (m* 

Absorption  coefTident  of  living  phytoplankton  (m'  *) 

Absorption  coefTident  of  non-algal  materials  (m'  ^ ) 
a.  Absorption  coefTident  of  soluble  materials  (m' 

5  Exponent  in  the  spectral  absorption  law  for  detrital  matter  (nm*^) 

ft  The  mean  cosine  of  the  light  field 

2.  MATERIAL  AND  METHODS 


2.1.  Cruises 

Data  for  this  study  were  collected  at  38  stations  during  2  cruises  of  the  CARDEEP  (Carbon  Dioxide  and  Deep  Water 
Formation)-program.  The  cruises  were  conduded  during  April/May  (Cardeep  2)  and  July/ August  (Cardeep  3)  1993  in  the 
Greenland/Iceland/Norwegian(GIN)-Seas.  The  stations  covered  acniise  track  between  70*- 76*  N  and  15*  W- 25*  E  and  were 
in  open  water,  except  4  stations  on  Cardeep  2  and  1  on  Cardeqi  3  whidi  were  in  the  marginal  ice-zone. 


Figure  1  ;  Location  map  showing  the  38  stations.  Symbols  (o)  for  Cardeep  2  stations  and  (x)  for  Cardeep  3  stations. 
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2.2.  Continuous  optical  profiles 

At  each  station  measurements  were  made  of  spectral  underwater  downwelling  irradiance  (410, 441 . 465, 488,  520,  550,  565, 
589, 625, 656, 665, 683,  700  nm),  upwelling  irradiance  (410, 441, 488,  520,  550,  565,  656, 683  nm),  upwdling  radiance 
(410,  441,  488,  520,  550,  565,  natural  fluorescence)  and  scalar  irradiance  (PAR)  using  a  MER-1032  Reflectance 
spectroradiometer  (Biospherical  Instruments).  A  surface  deck  cell  (2n  PAR)  was  used  simultaneously  with  the  underwater 
MER  during  vertical  proflling,  making  it  possible  to  correct  for  surface  light  fluctuations  during  the  measuremoits.  The 
maumum  working  depth  for  the  MER  was  200  m. 

The  spectroradiometer  package  included  sensors  for  conductivity  and  temperature  (Sea  Bird  Electronics),  and  a  stimulated  Chi 
a  fluorescence  (excitation  :  425  nm;  emission  685  nm  (Sea  Tech)).  These  auxiliary  instruments  were  interfaced  with  the 
MER.  All  data  were  multiplexed  and  transmitted  on  a  multiconductor  cable  to  a  deck  unit  which  transformed  the  signal  to  a 
digital  format  for  stor^e  on  an  IBM  AT  compatible  computer.  The  combined  cycle  time  (259  ms)  and  |uofile  speed  (03  m  s' 
^)  resulted  in  a  nominal  sampling  density  of  approximately  13  measurements  of  each  variable  po'  meter.  All  data  woe  sorted 
by  depth  and  averaged  to  Im  bins  for  further  imalyses. 

2.3.  Discrete  water  samples  and  particulate  absorption  spectra 

Seawaterwas  sampled  using  30-1  Niskin  bottles,  sample  vdlumes  were  0.5  -  4.0  1,  filtered  onto  25  mm  glass-fibre  filters 
(Whatman  GF/F).  All  analyses,  excluding  phytoplankton  enumeration  and  identiflcalion,  were  done  aboard  ship.  Chlorophyll 
a  (chi  o)  and  pheopigment  a  (Pheo  o)  concentrations  were  determined  by  the  method  of  Hoim-Hansen  etal.^  afto-  extraction  in 
90  %  acetone  of  samples  which  were  filtered  onto  GF/F  Whatman  filters. 


Optical  densities  of  total  particulate  matter,  (ODfp(k)),  were  measured  directly  on  wet  filters  put  onto  a  cover  slip  placed 
close  to  the  photomultiplier  of  a  Beckman  DII60  (Cardeep  2)  or  a  Hitachi  150-20  (Cardeep  3)  spectrophotometer.  An  unused 
wetted  filter  was  used  as  a  blank.  The  optical  density  was  measured  at  1  nm  intervals  from  400  -  800  nm.  During  scans  the 
wetness  of  the  filters  remained  essentially  unchanged. 

2.4.  Data  preparation 


From  a  total  of  46  stations  during  2  cruises,  38  stations  were  selected  for  further  analyses.  Criteria  for  inclusion  of  data 
included  minimal  ship-shadow  effects  on  the  submarine  light  field,  constant  irradiance  at  the  surface  during  the  cast  and 
constant  biological  and  physical  properties  within  the  mixed  layer  from  which  data  were  analysed. 


Profiles  of  downwelling  irradiance  £j(z,A)  were  used  to  calculate  Ar^(z,A),  defined  as  the  slope  determined  by  linear 
regression  of  the  natural  log  transformation  of  Ej{z,k)  as  a  function  of  depth. 


The  mean  optical  density  from  750  -  800  nm  of  OD^p(k)  was  subtracted  from  all  wavelengths  as  a  scattering  correction^’^. 
ODj  (X)  values  were  converted  to  their  respective  optica)  density  in  solution  DD,.,^(A)  by  the  method  of  Mitchell^. 
Op(A)  was  estimated  directly  from  OD,^,^(A)  by  the  relationship 


ap(A) 


2  30D,„,(A) 


(2) 


We  were  not  only  interested  in  a  (A) ,  but  also  (A  )  and  .  We  have  therefore  used  the  decomposition  method  of 

Biicaud and Stramski ^ as  modified  by  Babin  et The  method  involves  calculation  of  a,, (A)  as 


where  (A )  can  be  expressed  as 


aj(A)- Aexp(-SA) 


(3) 


(4) 


A  and  S  are  constant  for  a  given  spectrum  and  variable  among  spectra.  A  and  S  were  obtained  numerically. 
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All  the  38  stations  were  characterised  by  Case  1  waters  as  defined  by  Morel  ^  This  function  describes  the  relationship 
between  the  depth  of  the  euphotic  zone  (  )  and  the  mean  pigment  concoitration  within  the  eiq>hotic  layer  ( C,.) 

MCm  0.923 log, 0 Z,,  +  0.385log,oC„  -  1.308  (5) 

Positive  values  of  MC  (Morel 's  criterion)  corresponds  to  case  I  wat»s. 

3.  RESULTS 

Over  the  course  of  the  study  period  we  observed  prebloom  waters  (Cardeep  2)  with  deq>  mixing  (o,  constant  to  at  least  2  200 
m  depth  except  for  ice  edge  stations  with  stratification)  and  postbloom  (Cardeep  3)  conditions  with  variable  physical 
conditions.  The  dqith  of  the  euphotic  zone  (1  %  light  depth.  PAR)  during  Cardeep  2  ranged  from  40  •  66  m  (mean  Z,.:53 
±  5  m).  and  from  22  to  58  m  on  Cardeep  3  (mean  Z,„  :  38  ±  8  m). 

In  the  open  water  stations  during  Cardeep  2.  pigment  (Chi  a  +  Pheo  a)  concentrations  varied  from  0.2  to  1.1  mg  m'^  with  a 
mean  of  0.6  mg  m'^.  The  pigment  profiles  were  typically  uniform  over  the  measured  depth  range.  The  phytoplankton 
community  was  characterised  almost  entirely  by  Phaeocystis  cf.  pouchetii  colonies  in  low  concentrations.  For  Cardeep  3  we 
got  a  much  more  diverse  phytoplankton  assemblage.  Pigment  concentrations  varied  20  -  fold,  froni  0.2  -  4.0  mg  m'^  with  a 
mean  value  of  1.3  mg  m'^.  The  phytoplankton  community  varied  from  almost  pure  P.  cf.  pouchetii  to  stations,  which  in 
addition  to  P.  cf.  pouchetii,  had  significant  amounts  of  the  diatoms  :  Chaetoceros  spp..  Rhizosolenia  spp.,  Pseudonitzfchia 
spp..  Corethroncriophilum,  Eucampia  palusitium,  LeptocyHndrusdamcus,  and  the  coccolitho|d>ore  Emiliania  huxleyi.  For 
pooled  data  (Cardeep  2  and  3;  hereafter  called  GIN-93)  the  mean  |ngment  concentration  was  1 .0  mg  m'^. 

Within  the  marginal  ice  zone  the  maximum  pigment  concentration  in  the  euphotic  zone  reached  1.1  and  3.3  mg  m'^  for 
Cardeep  2  and  3  respectively.  The  phytoplankton  was  typical  for  the  sea-ice  communities  i.  e.  Chaetoceros  spp.. 
Thalassiosira spp.,  Piweocystis  cf.  pouchetii,  ProrocentrumbalticummA  Eucampia palustium. 

3.1.  Spectral  distribution  of  downwelling  irradiance 

We  here  show  two  contrasting  different  situations  with  respect  to  attenuation  of  light  (Fig.  2)  ;  Station  363.  a  prebloom 
station  with  a  mean  (0  -  100  m)  pigment  concentration  of  0.2  mg  m'^.  and  a  postbloom  station  with  a  mean  pigment 
concentration  of  4.0  mg  m'^  within  the  upper  mixed  surface  layer  of  30  m. 
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Figure  2  :  Spectral  distribution  of  downwelling  irradiance  Ej{k)  for  12  discrete  wavebands  (410  -  700  nm)  as  a  function  of 
depth  for  two  stations,  plotted  at  2.5  m  depth  intervals.  Station  363  (prebloom) ;  pigment  concentration  0.2  mg 
m'^  (0  -100  m);  station  618  (postbloom):  mean  pigment  concentration  4.0  mg  m'^  within  the  upper  mixed  (20 
m)  layer. 

As  a  consequence  of  the  dilTerent  attenuation  of  the  light  within  the  photosynthetic  waveband,  the  spectral  composition  of  the 
downwelling  flu.\  changed  progressively  with  increasing  depth.  The  orange  -  red  part  of  the  spectrum  (600  -  700  nm),  was. 
however,  attenuated  within  the  upper  20  m  due  to  the  water  itself  which  absorbs  heavily  in  this  region  (Fig.  2). 

For  the  low-pigment  station,  most  of  the  light  below  20  m  was  in  the  blue  -  green  region  (400  -  550  nm);  i.  e.  the  water 
itself  absorbed  poorly  in  this  region*  The  waveband  was  narrowing  with  increasing  depth.  At  125  m  dq>th,  blue  right 
(488  nm)  was  least  attenuated  (0.037  m*  *). 

For  the  high-pigment  station,  the  spectral  distribution  of  Ej(z.k)  in  the  red  part  of  the  spectrum  was.  as  for  the  other 
station,  due  to  the  absorption  of  pure  water  in  the  upper  20  m.  The  blue  region,  however,  was  strongly  attenuated  due  to 
pigmented  particles.  As  for  the  pigment-poor  station,  Uie  waveband  was  narrowing  as  depth  increased,  but  in  contrast,  the 
peak  was  broader  and  shifted  towards  the  green  region. 

3.2.  The  attenuation  coefficient  spectrum  K^(k)  and  its  components 

The  diffuse  attenuation  coefficient  for  downwelling  irradiance,  Kj{k),  was  calculated  for  the  upper  mixed  layers  according  to 

(1) 

Mean  values  for  #r^(441)  ranged  from  0.064  (±  0.007)  to  0. 130  (±  0.045)  m'  *  for  Cardeep  2  and  3  respectively,  and  was 
0.100  (±  0.042)  m*  *  for  all  stations  pooled  together  as  an  average.  For  Cardeep  2  stations,  we  observed  only  small  changes 
in  the  Kj(k)  because  the  pigment  concentrations  varied  little  during  this  cruise  (0.2  -  1.1  mg  m'^).  The  higher  mean  value 
of  Kj{k)  for  the  Cardeep  3  cruise,  was  consistent  with  higher  mean  pigment  concentrations.  At  some  stations  (e.g.  618, 
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postUoom).  we  observed  a  higher  detrilal  contribution  than  at  any  of  the  Cardeq>  2  stations.  The  mean  value  of  Kj(SSO) 
was  0.095  (±  0.016)  m'  ^  during  Cardeep  2  and  3.  and  was  in  good  agreement  with  data  reported  by  Trees^  (0.094  ±  0.009) 
m'*  for  water  masses  between  the  Arctic  Front  and  the  East  Greenland  Polar  Front. 


Wavelength  (nm) 

Figure  3  :  Spectral  variation  in  Afj(A)  for  stations  363  and  618.  plotted  together  with  the  attenuation  spectrum  of  pure 
water  K^(k)  fromMorel^^. 

The  Kj{X)  spectrum  for  station  363  differed  only  slightly  from  the  attenuation  spectrum  of  pure  water  for  wavelengths  > 
520  nm  (Fig.  3).  For  wavelengths  <  520  nm,  it  was  significantly  higher.  The  K^(k)  spectrum  for  station  618  was 
significantly  higher  than  that  oX  station  363.  This  was  caused  by  the  higher  pigment  concentration  within  the  layer  for  which 
XXjiX)  was  calculated,  and  a  higher  non-algal  contribution  (Fig.  5). 

The  nature  of  the  underwater  lightfield  resulting  from  a  given  incident  light  field  was  determined  by  the  inherent  optical 
properties  of  the  aquatic  medium^  Assuming  t^t  Kj(X)  is  a  "quasi-inberent"  optical  property^^,  we  have  used  Beer's  law 
to  split  the  expression  for  Kj(X)  as  an  inherent  property  into  a  sum  of  components 


“  *^rf(A)(CWa  +  Pheoa]*  KJX)*K,{k)  (6) 

K*j{z,k)  was  determined  as  the  slope  of  linear  regression  of  Kj{k)  on  (Chi  a  +  Pheo  a)  (TaMe  1,  Fig.  4).  The  intercqM 
with  the  ordinate  was  the  sum  of  attenuation  due  to  water  and  soluble  materials  or  particles  which  pass  through  the  filter  for 
pigment  determination  and  therefor  not  directly  attributable  to  the  Chlorophyll-like  pigments^ 
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Wavdength 

KW 

I* 

Sign,  levd 

410 

0.069 

0.049 

0.814 

«  0.001 

441 

0.064 

0.037 

0.839 

«  0.001 

465 

0.055 

0.a33 

0.823 

«  0.001 

488 

0.044 

0.032 

0.830 

«  0.001 

520 

0.032 

0.053 

0.799 

«  0.001 

550 

0.022 

0.073 

0.734 

«  0.001 

565 

0.019 

0.085 

0.684 

«  0.001 

589 

0.016 

0.132 

0.566 

«  0.001 

625 

0.018 

0.304 

0.276 

<0.001 

656 

0.017 

0.387 

0.278 

<0.001 

665 

0.020 

0.433 

0.354 

<0.001 

683 

0.021 

0.478 

0.321 

<0.001 

700 

n.  s. 

n.  s. 

n.  s. 

n.  s. 

Table  1  :  Linear  regressions  for  38  case  I  stations. 

is  the  depoident  variable  and  the  mean  (Chi  a  + 
Pheo  a)  for  the  respective  depth  interval  is  the 
independent  variaUe.  is  the  slope  of  this 

rdationship  and  +  K,)  is  the  intercept  with 
the  ordinate.  Coeflident  of  determination  (r^)  and 
significance  levels  for  the  regressions  are  also 
presmted 


From  Table  1  it  is  obvious  that  there  is  a  significant  correlation  between  Kj(k)  and  the  pigment  concentration,  but  the 
significance  level  dropped  for  wavelengths  >  S89  nm. 


Wavetonglb  (nm)  Wavdenglh  (nm) 


Figure  4 :  Spectra  of  pigment  specific  attenuation  coedidentsX^fA)  for  algal  material  (living  and  detrital).  GIN-93 
observations.  The  error  bars  represent  95  %  amfideiioe  limits. 

A  :  Our  estimate  for  GIN-93  data  (mean  pigment  concentration  I.O  mg  m'^)  tmd  data  from  Morel^  ^  for  his  non- 
linetf  model  for  1.0  mg  m'^  andCEAREX-89data'^  from  the  Fram  Strait. 

B  :  Our  estimate  of  for  GIN-93  together  with  mean  values  of  a*  (A)  for  the  same  region.  One  of  the 

a*  (A)  spectra  was  corrected  for  scattering  (mean  value  of  the  optical  dei.sity  between  750  -  800  nm  subtraded) 
and  the  others  not. 
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Our  data  are  in  good  agreement  with  data  from  the  non-linear  model  of  Morel  ^  ^  in  the  blue  -  green  waveband  (within  13  %  in 
the  blue  part).  The  CEAREX-89  (April,  May)  data  from  MitchelH  were  much  lower  in  the  blue  end  of  the  spectrum,  but 
match  our  data  well  from  465  -  633  nm.  Mitchell^  explained  his  low  values  at  the  blue  end  as  a  result  of  low  light  adaptation 
and  the  packaging  effect^.  Our  data  from  Cardeep  2  (data  not  shown),  show  the  same  trend  as  the  CEAREX-data  with  low 
values  at  the  blue  region.  The  Cardeep  2  data  are  much  like  the  CEAREX-data  (before  onset  of  a  spring  bloom)  where 
particles  are  dominated  by  phytoplankton. 

When  we  compare  X^(A)  (apparent  optical  property)  and  a*  (A)  (inherent  optical  property)  (Fig.  4  panel  B).  thoe  is  a  good 
agreement  except  at  wavelengths  >  665  and  <  441  nm.  This  was,  however,  true  only  for  the  a*  (A)  spectrum  for  which  the 
optical  density  from  750  -  800  nm  was  not  subtracted  before  absorption  coeflidents  were  calculated^*^. 

3.3.  Relative  contributions  of  absorbing  material  to  the  total  attenuation  coefficient  Kj(X  ) 


KjiX)  can  be  written  as  a  function  of  inherent  optical  properties 

where  a  (A )  and  ( A )  are  the  absorption  and  backscattering  coeffidents  respecU  vely,  and  ft  is  the  mean  cosine  of  the  light 
field.  A  good  approximation  of  X^(A)  can  be  made  by  assuming  «  a  for  oceanic  phytoplankton^  This  leads  (7)  to 

KAk)m^  (8) 


The  absorption  coeffident  o(A ),  which  is  an  inherent  optical  property,  can  rigorously  be  written  as 


a(A)-fl,,(A)  +  ap*(A)+£i„(A)  (9) 

where  a„^(A)  is  defined  as  absorption  by  "non-algal”  coloured  matter  (detritus,  soluble  materials,  "gdbstoff”). 

The  total  pigment-specific  particulate  absorption  a*(A)  varies  depending  on  the  relative  fraction  of  detritus  to 
phytoplankton.  Partitioning  the  absorption  coeffident  to  phytoplankton  to  non  -  phytoplankton  is  essential  for  moddling 
oceanic  primary  production  * 
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■  Water  ^  Non-algae  Q  Algae 


Water  ^  Non-algae  Q  Algae 


Figure  5  :  Per  cent  contribution  of  absorbing  material  (wat«'.  algae  and  non-algal  matter)  to  the  total  attenuation  coefficient 
fordoivnwellinginadianoe 

The  relative  contribution  of  algae  (phytoplankton)  absorption  across  the  photosynthetic  waveband  (400  -  700  run),  was 
determined  by  (3).  Non-algal  absorption  was  estimated  by  subtracting  values  for  pure  water^  ^  and  phytoplankton  frcun  the 
total  attenuation  coefFicients  . 

In  the  orange -red  band,  attenuation  was  dominated  by  the  water  itself  regardless  of  the  phytoplankton  abundance.  Light  in 
the  blue  part  of  the  spectrum  was  effectively  attenuated  by  phytoplankton  and  to  some  extent  non-algal  matter  spedidly  at 
station  618.  At  station  363, 28%  of  the  underwater  light  in  the  blue  region  (465  run)  was  absorbed  by  phytoploikton.  This 
is  much  lower  than  observed  for  the  pigment-rich  station  (station  618)  where  60%  of  the  light  attenuation  was  due  to 
phytoplankton. 


4.  SUMMARY  AND  DISCUSSION 

In  our  anrdyses,  we  observed  changes  in  the  blue  part  of  the  ISr^(A)  spectrum  during  GIN  -  93  (Cardeep  2  and  3  cruises). 
This  was  mainly  due  to  variations  in  pigment  (Chi  a  +  Pheo  a)  concentrations  and  phytoplankton  assemMages  during  the 
two  cruises.  To  some  extent,  contributions  from  non-algal  materials  played  a  role,  particularly  at  some  of  the  Cardeep  3 
stations  (postUoom  stations)  (Fig.  5). 
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Understanding  the  variability  in  a(A)  is  crucial  for  understanding  variability  in  Kj(k),  which  is  an  apparent  optical 
property  of  aquatic  systems.  Since  dominates  the  varialnlity  in  a(A  )  in  oceanic  waters  with  little  terrestrial  influence, 

it  is  among  the  most  important  parameters  for  a  good  description  of  the  optical  properties  of  aquatic  systons^. 

Phrticulate  matter  in  the  ocean  consists  of  both  phytoplankton  and  detrital  particles.  Detrital  particles  have  high  absorption  in 
the  blue  part  of  the  spectrum  and  therefore  raising  the  <i^(436):a^(67^  ratio.  Samples  from  the  GIN-93  cruises  were 
characterised  by  blue-red  absorption  ratios  close  to  blue-red  ratios  reported  for  phytoplankton  culture  spectra^  9,20,2 30^1  t|,ig 
is  a  strong  indicator  of  low  detrital  influence.  This  was  expected  because  most  of  the  detrital  material  in  the  GIN-Seas 
IHesumably  is  derived  from  in  situ  biogenic  processes.  The  deviation  of  field  spectra  from  those  rqwrted  from  cultures  must 
in  large  part  be  due  to  the  previous  history  of  biological  dynamics  within  a  particular  wato’  mass. 

Spectral  light  attenuation  models  are  important  for  the  purpose  of  studying  photobiological  and  physical  phenomena  related 
to  absorption  of  solar  energy^ .  We  have  used  Smith  and  Baker's^^  linear  m^el  approach  to  obtain  our  /^( A)  for  GIN-93. 
Our  iC(A)  was  30  -  40  %  higher  than  kl-values  (pigment  spedflc  attenuation  coefficient  for  pigment  concentrations  <  1 
mg  m'^)  of  Smith  and  Baker^^  for  wavelengths  <  600  tun. 

Our  results  fit  Morel's  non-linear^  ^  model  for  pigment  spedflc  light  attenuation  (within  13  %  in  the  blue  psrt)  (Fig.  4  pand 
A)  better  than  Smith  and  Baker 's^^  discontinuous  two-part  linear  model.  The  non-linear  model  of  Mord^^  is  also  a  two- 
component  system  :  The  water  itself  (constant)  and  the  varying  biogenic  component.  In  the  biogenic  component,  the 
phytoplanktonic  cells  and  the  other  phytoplankton  derivative  materials  are  pooled  together,  and  are  variable^  These  features 
make  this  model  more  robust  with  respect  to  variation  in  the  absorption  coeffldent  due  to  differences  in  algal  cell  size  and 
spedes  composition.  This  is  a  valuable  property  when  comparing  prebloom  and  postbloom  conditions. 

Our  data  for  the  pigment  specific  attenuation  coefficients /C^(A)  for  algal  material  (living  and  detrital)  and  the  pigment 
spedflc  absorption  coeffldent  for  total  particulate  matter  n  *  (A) ,  were  in  good  agreement  except  at  wavdengths  >  665  and  < 
441  nm.  Several  investigators^  have  shown  that  hardly  measurable  concentrations  of  ydlow  substances  are  not  qitically 
negligible  and.  thus,  will  enhance  the  pigment  spedflc  attenuation  coeffldent  at  the  blue  end  of  the  spectrum^ 

The  enhancement  of  /f^(410),  was  probably  due  to  endogenous  yellow  substances.  Prieur  and  Sathyendranath^'* 
demonstrated  that  even  in  oceanic  waters,  the  yellow  substance  concentration  remained  low  and  seemed  to  be  rdated  to  the 
bidogical  activity  averaged  over  a  long  period  rather  than  to  the  local  and  temporary  phytof^ankton  content.  This  will  have 
consequences  for  the  regression  analyses  of  Kj(k)  versus  pigment  concentrations.  Because  the  dissolved  ydlow  substances 
pass  through  the  Alter  for  o^fA)  determination,  they  will  not  cause  a  rise  in  the  a*  (A)  spectrum  corresponding  to  that  o( 
the  /r^(A)  spectrum. 
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ABSTRACT 

In  this  study  we  propose  a  model  of  phytoplankton  population  dynamics  in  a  marine  ecosystem  which  include  physical, 
biological  and  bio-optical  parts.  We  discuss  two  different  methods  of  contact  chlorophyll  observation  assimilation  to  fit  a 
model  of  'in  situ'  data.  As  an  example  we  simulate  of  the  abnormal  1993  Gulf  of  Gdansk  spring  bloom  during  which 
extremely  high  chlorophyll  concentration  were  observed.  The  data  assimilation  approach  will  serve  as  a  base  for  more 
adequate  underwater  irradiance  field  simulations. 


1.  INTRODUCTION 

In  last  decades  it  has  beeen  demonstratedt>2  that  phytoplankton  population  models  in  marine  ecosystem  dynamics  can 
prove  the  conect  tool  for  describing  spring  blooms  and  annual  cycles.  Such  models  are  usually  based  on  the  principles  of 
hydrodynamics  and  population  dynamics.  The  main  parts  of  the  model,  however,  are  a  bio-optical  block  for  the  underwater 
light  field,  and  also  the  primaiy  production  simulation. 

A  problem  of  data  assimilation  in  phytoplankton  dynamics  models  can  be  solved  by  using  the  well-known  data  assi¬ 
milation  technique  developed  for  hydrodynamic  models^*^.  The  problem  of  data  assimilation  from  another  sources  in  the 
dynamical  models  is  also  discussed.  In  some  previous  articles  the  problem  of  chlorophyll  remote  sensing  data  assimi- 
iationS.6  was  state.  Here  we  discuss  the  problem  of  chlorophyll  sounding  data  assimilation  in  a  model  of  phytoplankton 
spring  bloom  for  a  few  points  in  the  highly  eutrophycated  Baltic  coastal  zone.  The  model  includes  the  vertical  structure  of 
the  hydrooptical  field  simulation  (underwater  irradiance,  spectral  attenuation  coefficient  etc.). 

During  April-May  1993  there  were  a  number  of  research  cruises  in  the  Gulf  of  Gdansk  by  Polish  r/v  'Oceania'.  Chloro¬ 
phyll  concentration,  primaiy  production  and  optical  parameters  were  measured.  The  1993  phytoplankton  spring  bloom  was 
abnormal.  Extremely  high  chlorophyll  concentrations  were  observed  determined  in  main  part  by  nanoplankton  Cyclotella 
diatoms  species  (about  2.S  min  cells  on  litre'^).  At  some  stations  Cg  (chlorophyll  a  +  pheophytin  a)  concentrations  of  100- 
200  mg/m3  were  measured. 

The  problem  of  data  assimilation  is  discussed  in  the  model  using  a  different  numerical  tools  (optimal  interpolation, 
parameters  fitting).  We  discuss  the  possibility  of  various  observed  parameters  being  included  in  assimilation  procedures 
(chlorophyll  soundings,  primary  pr^uction  etc.).  The  results  of  the  data  assimilation  will  serve  as  a  tool  for  a  more 
adequate  underwater  ina^ance  field  description. 


2.  METHODS 

The  features  of  the  Baltic  phytoplankton  field  are  described  by  a  system  of  equations  comprising  mixing,  sinking, 
growth  as  a  function  of  light,  temperature,  nutrient  availability  as  well  as  grazing  and  death  by  ingestion.  Here  we  deal  with 
a  model  without  advection.  The  Baltic  currents  system  impact  and  its  changes  with  a  wind  direction  will  be  a  next  step  of 
the  investigation.  We  use  a  set  of  coupled  partial  differential  equations  as  a  governing  equations  of  the  ecosystem  simulation 
analysis^. 
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(1) 


2 

dt  dz^  oz 

where  the  subscripts  denote  the  concentration  at  time  t  of  the  ecosystem  components  at  depth  r.CjxCg  —  phyto¬ 
plankton,  C2  —  zooplankton,  Cj  —  nutrients  (all  in  nitrogen  units);  —  kinematic  eddy  vertical  difiusion  coefficient , 
[m^  d*^];  Wj  —  vector  sinking  rate,  [m  d*^;  /ij  —  speciflc  growth  rate  of  system  component  concentration,  [d‘*]; 
vj  —  specific  ingestion  rate  of  system  component  by  'herbivores’,  [d‘*];  Y  i  —  mortality  rate,  [d'*];  T  —  temperature,  [®C], 
^  —  5  -correlated  random  process  with  a  dispersion  describing  short-correlated  fluctuations  in  mixing,  depending  on 
mixed-layer  depth  variability  and  random  advection  effects. 

2.0  Physical  model  of  mixing  and  sinking 

The  first  term  on  the  right-side  of  (1)  is  the  diffusion  term,  which  was  assumed  to  be  different  for  the  upper  and  lower 
mixed  layers,  the  second  term  accounts  for  vertical  sinking  (which  does  not  apply  to  dissolved  nutrients  and  zooplankton), 
and  the  remaining  terms  are  the  biological  process  terms.  To  solve  this  set  of  equations  three  separate  numerical  models  are 
needed  to  obtain  the  values  of  the  variables.  These  are:  a  physical  'mixing  and  sinking  model;  a  bio-optical  model  to  obtain 
the  available  light  irradiance  at  different  depths;  the  phytoplankton  primary  production  and  a  biological  process  model  to 
describe  the  interactions  between  phytoplankton,  zooplankton  and  nutrients  as  interaction  between  'prey,  'predatoi*  and 
'substrate'. 

Vertical  diffusion  coefficient  play  a  substantial  role  in  every  diffiision-advection  model.  It  was  computer^  that  a 
vertical  eddy  coefficient  for  the  plankton  dynamic  model  was  1.88  m^  s~^  for  the  wind-forced  weak  vertical  stratification 
upper  layer  and  0.22  m^  s'^  for  the  cessation  of  wind  impulse.  In  the  number  of  simulation  studies  there  have  been  used 
values  of  from  a  wide  range’*^. 

Although  laboratory  sinking  rates  of  diatomsio  range  from  only  1-10  m  d*^  ,  repeated  daily  field  observation  of  the 
1975  diatom  spring  bloom  at  80-m  depth  in  the  Baltic  Seaii  indicated  apparent  sinking  rates  of  30-50  m  d*^.  Another  field 
estimations^  varies  from  3-4  m  d*^  to  90-100  m  d*^-  Values  Wg  =  1-20  m  d*^  were  used  for  the  plankton  (fynamics 
modePAii. 

We  use  for  simulation  values  in  the  ranges  shown  above.  In  Chapter  3. 1  we  will  additionally  state  a  problem  of 
fitting  these  parameters  by  method  of  direct  target  function  minimisation. 

2.1  Biological  model 

Considering  a  population  dynamics  model  of  the  'phytoplankton  -  zooplankton  -  nutrientd  system  based  on  the  general 
principles  of  population  dynamics.  For  phytoplankton  dynamics  we  have  equation  (1)  in  the  form 

^  =  Jf,^^+M-,^  +  <»(C3)/>(C|)-Cons(C,,C2)-y|C|+^,  (1.1) 

dz^  oz 

where  the  primary  production  term  P(C j)  is  defined  in  Table  1  (see  Chapter  2.2),  the  nutrient  limitation  term  and  the  con¬ 
sumption  term  are 


=  ,  Cons(CpC2)  =  i?;„ACiC2[l-exp(-ACi)] , 

where  —  the  nutrient  uptake  half-saturation  constant,  [mM/m^]  and  we  let  kg  —  0.2  afleri.  For  zooplankton  dynamics 
equation  (1)  has  another  form 
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(1.2) 


dl  dz^ 

and  the  corresponding  nutrient  dynamics  equation  is  of  the  form 

^ = Xj^-^^Cons(Ci,C2) +Nj(2) + rA + nC2 -nc,)  +  4  (U) 

Here  the  model  parameters  and  variables  are:  yy.  }2  —  phytc^lankton  and  2iooplankton  mortality  rate,  [d'M;/{m  —  max 
herbivore  ingestion  rate,  [d*^];  ;9  —  unassimilated  fr^on  of  herbivore  grazing  ration,  dimensionless;  A  —  Ivlev  hobivore 
grazing  constant ,  [m^Ang],  Nj(z^  —  nutrient  influx,  [rtiMAn^].  T^ical  values  of  the  basic  constants^  are:  fi  =  0.3,  A  = 
0.5.  ti  =  0.1.  f2  =  0.04. 


For  the  values  of  specific  Baltic  zooplankton-phytoplankton  interaction  parameters  we  used  observed  valuesi^.  It  should 
be  noted  that  zooplankton  grazing  is  a  complex  process  which  depends  on  diurnal  migrations  of  copepod  grazers  and  ci  the 
variability  of  grazing  stress  during  the  year.  In  a  previous  models  there  have  been  used  a  different  assumptions  on  grazing 
rates  —  fi’om  a  constant^  Rffi  to  its  variability  during  the  spring  bloom  period^  in  the  range  0. 1-1.  This  range  of  vari^i- 
lity  agree  with  those  for  the  Baltic^^.  We  will  use  in  this  model  values  of  Rj^  in  the  above  stated  range. 

2.2  Bio-optical  model  and  the  primary  production  term 

The  primary  production  term  P(2)  inequation  (1.1)  is  responsible  for  the  processes  which  define  the  carbon  and  energy 
cycles  in  the  World  Ocean.  In  a  number  of  papers,  different  methods  have  been  used  to  estimate  primary  production,  like 
the  simple  one^^,  and  mote  sophisticated  methods'**'*-''^. 

However,  most  of  these  models  were  developed  only  for  the  Case  1  Waters  (WCl)  according  to  Motel  terminology's. 
Another  types  of  waters,  so  called  Waters  Case  2,  which  consist  af^roximately  2%  of  the  World  Ocean,  ate  the  most  pro¬ 
ductive  ones.  The  eutrophicated  Baltic  waters  can  not  be  described  by  models  suitable  for  WCl.  In  the  Polish  Institute  ttf 
Oceanology  there  was  developed  the  first  authentic  model  of  primary  production  for  the  Baltic  waters**.  This  nuxiel  are 
based  on  a  data  base  of  optical  observations,  Ca  (chlotx^hyll  a  pheophyn  a)  observations  and  quantum  yeld  oS  primary 
production.  The  observations  were  nuide  on  a  number  of  Polish  and  Russian  research  vessels  cruises.  We  use  this  bio-optical 
model  for  the  primary  production  term  simulation  (see  Table  1). 

3.  CLIMATIC  DATA,  INITIAL  CONDITIONS  AND  ASSIMILATION  DATA 

For  the  mixed  layer  depth  computation  and  for  the  temperature  data  source  for  the  primary  production  cortq;>otation  (see 
Table  1)  we  use  a  data  base*’.  Mixed  layer  depth  was  computed  fi’om  data*’  using  maximum  gradient  criteria.  Initial  nutri¬ 
ent  data  and  nutrient  inflow  were  taken  from*®.  We  use  a  nutrient  influx  vertical  structure  as  Nd(z)  =  Nd^ortxpi^.lz). 
Nutrient  influx  intensity  Nd,0  was  additionally  used  as  a  parameter  in  the  assimilation  procedure  (see  Chiqrter  4).  In  accor¬ 
dance  to  the  ideas*  we  let  grazing  rate  variable  during  the  qrring  bloom  period  range  from  0.1  to  0.9.  We  used  dimatic 
distribution  of  available  daily  natural  irradiation  on  sea  surface  produced  at  the  Ifydrometeorological  (Centre  of  Russia  in 
accordance  with  the  algorithm  in  the  paper**.  As  a  observed  Ca  vertical  profiles  we  use  a  fluorometric  data  |»oduced  by 
submersible  fluorimeter  'Primprod'  made  ly  'Ecomonitor'  (Moscow).  The  chlort^hyll-ii  pigment  measurements  on  the  base 
of  simultaneous  water  samples  was  determined  spectrophotometrically  according  to  Stricland  and  Parsons  procedure**. 
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Table  1.  Model  of  the  daily  Baltic  Drimaiv  Dtoduction^* 


_  the  model  are  the  chlorophyll  a  +  pheophytin  a  concentration  vertical  profile 

Ca(2)  [mg  m-3],  surface  irradiance  0)  [quanta  m-2  s-3  nm-i]  and  sea  sur&ce  temperature  T  [°C]. 
Model  formulas  are: 

1)  Dependencies  of  total  downward  irradiance  attenuation  coefficients  its  phyto¬ 

plankton  component  KplW  and  chlorophyll  concentration  Cq,  are  raven: 

=  /fH,(A)+C„{c,(A)exp[-fl,(A)C„]+krf^(A)} + AX:(A) 

Kpiii)  =  C„{C2(A)exp[-a2(A)C„]+k,^(A)}  (Tl) 

AA:(A)  =0.068exp[-0.014(A-550)] 

The  value  constants  ajfAJ,  kd,i(A),  C2(A),  a2(^),  kc,iW  and  the  attenuation  of  pure  water 
KwW  see  inl7. 

2)  Dependencies  of  the  photo^thesis  quantum  yield  0(z)  [atomCHiuanta't]  on  underwater  ina- 
diance  EPAR(z)  [quanta*m-i-ri]  in  PAR  range  (400-700  nm),  sea  surface  chlorophyll  concentration 
Ca(0)  and  euphotic  zone  temperature  Te,  are  the  next: 


-PARMl 


EpARMl  -^^PArU) 


fnu.  ®«^^(7-,)=0.0157(ao)’’-''", 

0.44+Ca(0) 

where  the  constants  are:  EPAR,  J/2=6 A-I0i9  [quanta-m*^-s‘^]  and  Qj(f=1.77  (we  let  Te  approxima¬ 
tely  equal  to  sea  surface  temperature  T) 

Principles  of  computations  of  the  some  environmental  characteristics  of  primary  production  in  the  sea: 

1)  Vertical  profiles  of  spectral  optical  properties  Kd(X,2)  and  Kpl(A,z)  can  be  calculated  on  base  of 
Ca(z)  using  equations  (Tl); 

2)  Vertical  profiles  of  the  downward  spectral  irradiance  Ed(X,t,z)  [quanta-m’^-s'^-run'^],  the  daily 
irradiance  dose  in  the  PAR  spectral  range  WARf^)  [quanta-m*^],  the  average  downward  irradiance  in  the 
PAR  range  EPAR(z)  [quanta-m'^'S'^]  and  ^ly  energy  absorbed  by  phytoplankton  rfpupfz)  [quanta-m'^l 
can  be  calculated  on  base  of  Kd(X,z),  Kpl(A,z)  and  input  data  of  surface  irradiance  E^A,t,0)  by  formulas: 

EA^t,z)=EAA,t,0}  exp  -jx:j(A.,z)dz 

.  L  0  J. 

r,700nm 

'fPAR  (z)  =  I  i Ed  (a,  t,  z)dAdT 

r,400nm 

where  tp  and  ts  are  the  sunrise  and  sunset  times  respectively; 

EpAR  U)  =  ^PAR 

where  At=ts-Jr  is  the  period  of  daylight  (from  surrrise  to  sunset); 

r.TOOnm 

>7fu«(z)»l.2j  \Ed{X,t,z)K^iUz)dMt 

tr400nm 

3)  Daily  values  of:  vertical  distributions  of  primary  productions  PfzJ  [atomsC-m'^l  and  the  total  primary 
production  in  water  colurrm  Ptot  [atomsC-m'^]  are  c^culated  on  base  of  known  rjpuRfz),  EpAR(z),  Ca(0), 
equations  (T2),  and  1^  formulas: 

i(/'-0) 

P(z)  =  <!>iz)x  tjpuA^) ,  P,^,=  jP(z)dz 

0 

where  z(P=0)  is  the  depth  at  which  primary  production  decrease  to  a  level  so  small  that  it  does  not 
affect  the  overall  production  Ptot. 
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4  DATA  ASSIMILATION  IN  A  NUMERICAL  PROCEDURE 


Different  methods  of  data  assimilation  in  dynamical  models  can  be  proposed.  In  our  previous  paper^  for  the  remote  sen¬ 
sing  data  assimilation  there  a  simple  method  was  used  based  on  a  optimal  interpolation  procedure  with  a  time  autocovar 
riance  function  of  chlorophyll  field.  A  popular  extended  Kalman  filter  method^  usually  will  give  better  results  but  need  a 
complicated  numerical  prooedurure.  An  ajoint-like  method^  gives  a  possibility  to  study  a  model  sensitivity  to  a  parameters 
variability.  There  are  a  developments  of  ajoint  procedures  which  can  give  an  estimation  of  some  model  unknown  parame¬ 
ters  for  the  best  fitting  model  to  data^. 

In  our  studies  we  use  a  simple  procedure  of  data  assimilation  by  means  a  exponential  autocovariance  function  of  chloro¬ 
phyll  field  and  modification  of  ajoint'*  method  for  fitting  the  dynamics  to  data  with  a  variation  of  some  model  parameters, 
wlfich  are;  nutrient  inflow,  vertic^  sinking  rate,  vertical  turbulent  diffiision  coefficients  in  upper  layer  and  below. 

The  first  assimilation  procedure  was  proceeded  by  a  simple  method 

CiC(,z>=ooC“‘>'“('l,2)+”f‘  (2) 

i=l 

^obs  j^obs 

"0+  ai=Q(t-ti,z) 

«=1  / 

where  Q(t,z)  —  autocovariance  function  on  a  depth  z,  I,-,  i  =  1,...,  —  moments  of  observations. 

The  second  assimilation  procedure  can  be  described  as  a  problem  of  determination  of  parameters  values 
O  =  C 0^,,..,  Off  )  which  minimise  the  target  function 

N  ^  ^  MK  L  ..  ^  o 

io  =  Zr,W-^)^+IZ  m 

1=1  i=lf=l  j=\ 

with  a  (tynamical  conditions 

P^+*-FrPS0>  =  O,t=l,...,K. 

where  matrix  of  model  (1)  variables  =  P(Zf,t)  =  {Ci(Zi,t),C2(Zi,t),C3(Zi,t))  in  the 

regular  time  moments  (I  {f  =  F(Q)  —  dynamical  operator  of  model  (1).  In  equations  (5)  and  (6)  0  is  an 

aprioric  estimation  of  parameter  vector,  F,-  ^  0  is  an  inversions  of  aprioric  estimation  error,  W  =  f  (Wy  ))  is  a  positive 
definite  matrix  which  is  an  inversion  of  observation  errors  matrix,  Qi(t)  . —  covariance  function  of  phytt^lankton  field  tm 
the  depth  z,- .  For  a  detailed  description  of  the  ajoint  technique  seeM.  We  use  a  method  of  direct  minimisatitm  of  target 
fimction  (3)  by  the  quasi-gradient  procedure  with  a  variation  of  a  few  of  the  model  parameters  (see  below). 

S.  COMPUTATIONS  RESULTS. 

We  produced  the  model  computations  for  the  three  points  in  the  Golf  of  Gdansk  (see  Fig.l)  for  which  we  have  a 
chlorophyll  observations  during  the  1993  spring  bloom  (April  17,  May  8,  May  16)  (see  Fig.2).  The  distances  between  modd 
points  and  Wistula  mouth  are  different  and  ecotystem  dynamic  in  the  points  differs  in  a  mitrient  influx  and  observed 
chlorophyll  concentration  Ca- 
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Fig.l.  Positioiis  of  the  siiniilation  poiiits. 


Fig.2.  Chlorophyll  observations  (mg-m-S):  (a) — point  1;  (b) — point  2;  (c) — point  3.. 


Asa  first  stq)  of  simnlationcalcalations  were  made  of  the  moddnithout  data  assimilatioa  Then  data  asamilnion  new 
produced  in  aoomdanoe  with  a  method  (2).  It  is  assiimed  that  cfalorapl^  observations  were  made  without  an  enon.  Then 
results  of  nmuladon  onFig.3  demonstrate  'dynamical  interpolati<m'\»timiea  bbeeivatkm  points  wifiioot  any  smoothing, 

Fm  the  second  stq>  the  method  of  direct  target  fiinctkm  minimisation  (3)  have  been  used.  The  variable  parameters 
\tiiich  are  vertical  sinking  rate  Wg ,  vertical  difiiision  coeflScients  KzJ,  Kz,2  ^  qiper  and  bottom  layers  and  daily 
nutrient  inflow  intendty  g-  shows  the  chloiopfa^  time  dq>th  section  of  the  initial  state  and  phytoidanklon  time 

variability  after  data  assimilatioa  The  values  of  parameters  beftne  and  after  the  assimilation  procedure  ate  presented  in 
Table  2.  Analysis  ofthe  final  parameters  values  show  that  for  the  point  1  we  have  a  very  small  final  vertical  shddag  value. 
Such  a  value  is  necessary  fisr  the  dmormal  hi^  chlotoiAyU  concentratkm  simulation.  One  of  tihe  pofsiUe  explanation  of 
this  effixt  could  be  a  lade  of  adveetkm  in  modd.  For  the  point  1  situated  near  the  Wistula  monfii  flesh  water  float  the 
highest  diloraph^  oimoentratums  were  observed.  At  this  point,  pcobabty,  it  is  not  the  vertied  sinking  but  die  advective 
transport  of  nutrients  and  pfaytoplankttm  determine  the  ecotystem  dynamics.  A  conqplex  modd  of  eooqraiem  (tymuaks  widi 
a  two  or  three-dimensional  adveetkm  field  will  be  a  sdbgect  of  our  liatuie  studies. 
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0  jOfpM4O6o«O7O0o  ^0  locoaoMMeoToao 

'nin«  Tlm«  (^Itya) 


Fig.4.  Initial  model  chlorophyll  (mg-m*3)  Umestepth  sections  and  a  results  of  data  assimilation  procedure  (3)- 
point  1:  (a)  —  initial,  (Jo)  —  data  assimilaticm;  point  2:  (c)  —  initial,  (d)  —  data  assiinilation; 
point  3:  (e)  —  initial,  (f)  —  data  assimilation;  arrows  show  the  days  of  data  assimilatioa 
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Lambda  (nm) 
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Fig.S.  Observed  and  modelled  spectral  underwater  light  attenuation^  (8.0S.1993):  point  1:  (a)  —  model,  (b) 
observed;  point  2:  (c)  —  model,  (d)  —  observed;  point  3:  (e)  —  nuxlel,  (f)  —  observed; 

Table!.  Initial  and  final  values  of  parameters  in  data  assimilation  procedure  (3). 


Point  1 


Initial  Final 


1.0  0.04 


.8  0.94 


Point  2 


Initial  Final 


1.0  1.08 


0.8  1.34 


Point  3 


Initial  Firud 


0.88 


0.8  1.3 


0.34 


0.02 
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Not  only  chlorophyll  data  can  be  assintilate  in  bio-optical  dynamical  model.  It's  possible  to  state  a  problem  of  observed 
primary  production,  observed  total  downward  irradiance  attenuation  coefficients  Kd(^z)  or  downward  spectral  irradiance 
Ed(X,z)  assimilation  in  a  model  (1).  The  numerical  procedure  of  data  assimilation  will  be  sintilar  with  a  methods  (2),  (3). 

In  Fig.S  are  presented  the  observed  total  downward  irradiance  attenuation  coefficients  Kd  and  equivalent  modeled 
spectra  of  the  Kd  derived  using  a  chlorophyll  data  assimilation  by  method  (3).  Spectral  attenuation  coefficient  was  calcu¬ 
lated  on  the  base  of  downwelled  underwater  vector  light  irradiance  observations  of  8  spectral  bands  by  a  profiler  produced 
by  10  PAS.  We  see  that  correlation  of  the  observed  underwater  irradiance  field  with  the  modeled  field  is  satisfactoiy  for  the 
highly  eutrophicated  zone  (Point  1)  and  for  open  sea  (Point  3).  but  is  too  smooth  for  the  abnormal  feature  near  Wistula  river 
mouth.  For  the  transition  zone  (Point  2)  high  surface  Kd  values  can  not  be  explained  only  by  the  chlorophyll  and  yellow 
substance  model  of  Table  1.  Probably,  here  we  are  observed  with  an  effects  of  a  other  optical  factors  (dissolved  organic  and 
inorganic  matter  and  other  allochtonic  admixtures). 


6.  CONCLUSIONS 

Finally  we  can  conclude  that  modem  technique  of  marine  bio-optical  field  and  primary  production  simulation  make  it 
possible  to  describe  marine  ecosystems  features  typical  situations.  For  an  abnormal  chlorophyll  concentrations  on  a  high 
eutroficated  regions  accuracy  of  model  is  temperate.  Data  assimilation  methods  can  produce  an  estimation  of  unknown 
model  parameters  or  can  be  a  sort  of  'dynamical  interpolation  and  smoothing'.  Future  research  will  give  us  a  new  tools  for 
remote  sensing  data  assimilation.  We  need  methods  which  include  in  this  assimilation  procedure  other  data  sources  such  as 
primary  production  estimated  by  a  'pump  and  probe'  fluorimeter^^. 
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ABSTRACT 

The  photochemical  effect  of  solar  ultraviolet  radiation  on  colored 
dissolved  organic  matter  has  been  recently  revealed.  This  effect 
consist  in  cliange  of  spectral  absorption  of  sea  water  In  the  UV 
band.  In  preseni  paper  the  experimental  data  are  parameterized  to 
Include  this  effect  Into  radiative  transfer  theory.  Radiative 
transfer  model  Is  developed  for  calculation  the  spectral  UV  flux 
at  different  depths  In  the  sea.  Resulting  nonlinear  radiative 
transfer  equation  Is  solved  by  the  consequent  Iteration  method 
with  using  quasi -single  scattering  approximation.  Calculations  of 
the  spectral  Irradlance  within  290-400  nm  band  were  carried  out 
for  different  solar  zenith  angles  and  for  different  total  amount 
of  ozone.  Mode]  of  spectral  optical  properties  of  sea  water 
inherent  to  coastal  zone  was  used.  By  convolution  of  Irradlance 
spectra  with  the  DNA  action  spectrum  the  biologically  effective  UV 
dose  rates  were  calculated.lt  Is  shown  that  solar  Uv-llght  effect 
on  the  colored  dissolved  organic  matter  absorption  leads  to  about 
of  40%  Increase  of  the  DNA  dose  rates  at  depth  4  m. 

1 .INTRODUCTION 


Depletion  of  Earth’s  ozone  layer  resulting  from  the  growing 
Industrial  emissions  to  the  atmosphere  Is  now  In  great  Interest  or 
research  scientists.  Increased  levels  of  biologically  harmful  UV-B 
radiation  (280-320nm),  resulted  from  ozone  layer  depletion,  could 
affect  the  aquatic  ecosystems.  One  of  the  Important  effects  of 
enhanced  levels  of  UV-B  radiation  Is  the  reduction  In  the 
productivity  of  phytoplankton.  This  effect  Is  conclusively 

confirmed  by  laboratory  findings^  and  field  observations  In  the 
Beillngliausen  Sea  (Antarctic),  showing  a  reduced  water  column 
productivity  of  Antarctic  phytoplankton  under  conditions  of  ozone 
hole  (  total  ozone  less  than  20u  Doubson  Units,  DU)  In  comparison 

with  productivity  outside  the  hole.^  Enhanced  UV-B  radiation  could 
also  decrease  the  global  sink  of  carbon  dioxide  Into  the  oceans, 
thereby  augmenting  greenhouse  effect  and  affecting  other  long-term 

global  blogeochemlcal  cycles.'^  The  effect  of  Increased  UV 
radiation  on  phytoplankton  Is  particularly  Important  for  coastal 
regions  where  great  part  of  World  Ocean  primary  production  Is 
produced. 

The  quantitative  assessment  of  UV  effects  on  aquatic 
organisms  requires  an  accurate  knowledge  the  In-water  radiation 
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field.  For  predictive  capability  It  Is  necessary  to  model  levels 
of  spectral  Irradlance  existing  within  natural  waters  as  a 
function  of  total  ozone  amount,  solar  zenith  angle,  depth  and 
values  of  optical  properties  of  the  sea  water.  For  these  purposes 
a  radiative  transfer  model  for  propagation  UV  radiation  In  the 

atmosphere-ocean  system  has  been  developed  In  papers^ In  this 
paper  spectral  Irradlance  Is  calculated  at  different  depths  for 
different  solar  zenith  angles  and  total  ozone  amounts.  Depth 
dependence  of  biologically  effective  UV  dose  rates  for  marine 
phytoplankton  are  also  given. 

Recently  the  effect  of  the  solar  UV  radiation  on  water 


absorption  has  been  reported' .  Change  of  water  absorp^tlon  due  to 
this  effect  Is  about  of  20^40%  at  wavelength  290  nm.  Tor  accurate 
calculation  of  UV  Irradlance  this  effect  would  be  Included  Into 
radiative  transfer  model. 

In  present  paper  the  parameterization  of  the  effect  of  solar 
UV  radiation  on  water  absorption  Is  fulfilled.  Change  of  water 
absorption  is  considered  as  change  of  the  dissolved  organic  matter 
(DOM)  absorption  in  dependence  on  ratio  of  UV-B  flux  to  UV-A  flux. 
Resulting  nonlinear  radiation  transfer  equation  Is  solved  by 
consequent  Iteration  method  with  using  quasl-slngle  scattering 
approximation.  The  paper  gives  some  calculated  examples  of 
spectral  Irradlance  under  action  of  considered  effect.  Depth 
dependence  of  biologically  effective  UV  dose  rates  for  unshielded 
DNA  Is  calculated  at  considered  effect  In  action.  Maximum 
enhancement  of  DM  dose  rates  resulting  from  considered  effect 
attains  about  of  40%  at  depth  4  m. 


2.  UV  RADIATION  KPFECT  ON  THE  DOM  ABSORPTION  AND  ITS 

PARAMETERIZATION 


It  Is  well  known  that  sufficiently  rigid  UV  radiation 

destroys  the  DOM  and  consequently  decreases  the  water  absorption. 
Recently  evidence  of  solar  UV  radiation  effect  on  the  DOM 

absorption  has  appeared  In  paper®  the  In  situ  photodegradation 
of  aquatic  humic  substances  by  underwater  UV  radiation  was 

studied.  Decrease  of  water  absolution  at  wavelengths  250  nm  and 
365  mn  has  been  established.  Tnls  decrease  was  long-term  and 

appeared  to  be  proportional  to  total  time  of  exposure  (  over  5 

days  ).  Another,  short-term  effect  of  the  solar  ^  radiation  on 

water  absorption  has  been  reported  In  paper  ' .  Most  remarkable 
feature  of  revealed  effect  Is  Its  convertible  nature.  During  first 
part  of  light  time  of  a  day  the  decrease  of  water  absorption  In 
the  UV-B  spectral  band  was  revealed  and  later  water  absorption 
Increased  up  to  the  former  values.  Reverse  change  of  water 
absorption  was  revealed  In  the  UV-A  spectral  band:  at  first  the 
water  absorption  Increase  was  observed:  and  later  the  restoration 
of  the  former  values  of  absorption  was  observed.  The  exposure  of 
water  samples  In  quartz  ampoules  on  ship  board  showed  change  of 
water  absorption  Identical  to  change  of  tne  In  situ  samples.  Water 
’’clearance’’  In  the  UV-B  spectral  band  and  water  ’’darkness”  In  the 
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IJV-A  spectral  band  are  explained  by  the  photochromatlc 
transformation  of  some  component  of  the  DOM  under  action  of  the 
solar  UV  radiation. 

To  Include  these  changes  of  the  DOM  absorption  Into  radiative 
transfer  model  one  needs  the  parameterization  the  UV  radJatlon 
effect  on  the  DOM  abso:rotlon.  we  shall  consider  only  short-term, 
convertible  effect  of  Uv  radiation  on  the  DOM  absorption  because 
these  changes  of  absorption  during  a  day  attain  considerable 

values  20-40%  (  at  wavelength  290  nm  ) ' .  Changes  of  absorption  due 
to  long-term  effect  of  tfv  radiation  on  water  absorption  are 
significantly  less  (  decrease  of  absorption  at  wavelengtJi  250  nm 

Is  about  of  20%  diu'lng  over  5  days  ) 

Comparison  of  dally  changes  of  the  DOM  absorption  and  the 
time  dependence  of  ratio  of  OV-B  Irradlance  to  Uv^-A  Irradlance 
shows  tnelr  close  correlation.  Therefore  we  can  assume  that 
relative  change  of  the  DOM  absorption  at  fixed  wavelength  290  nm 
Is  determined  by  the  Instant  values  of  solar  Irradlance: 

(  ia  /  a  =  F(  Eg  /  )  ID 

Here  Eg  and  are  UV-B  and  UV-A  Irradlances: 

320  400 

R  s  Eg  /  E^  =  j  Ej^  dA.  /  J  E^  dA.  (2) 

290  320 

In  first  approximation  the  function  E(R)  Is  taken  to  be  linear: 
F(R)  =  k,R+ko,  where  and  k^  are  the  regression  coefficients. 

Spectral  dependence  of  change  of  the  DOM  absorption  Is  described 
by  the  function  f(A)  which  approximates  the  experimental  data: 

Aa  a.)  /  Aa  (290)  =  f(A)  (3) 

Note  that  f(A)  <  0  In  the  UV-B  spectral  band,  f(290)  -  -1  and 
tiX)  =  0  at  wavelength  approximately  equal  to  340  nm. 

Then  we  can  write  the  radiative  transfer  equation  for  water 
medium  In  following  form: 


fi  ^  a(290)F(Eg/E^)f(A)j  ^  J  ^^(7) 


Here  p,  -  cos  e  Is  cosine  of  zenith  angle,  Is  spectral  radiance, 

z  Is  depth,  b^  Is  spectral  scattering  coefficient,  Is 

absorption  coefficient  of  sea  water  In  absence  of  effect  of  UV 
radiation  on  water  absorption,  Aa  =  a(290)F(Eg/E^)r(A)  Is  change 
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of  DOM  absolution  due  to  effect  of  UV  radiation  on  water 
absorption,  x(7)  Is  the  normalized  volume  scattering  function  In 
dependence  on  scattering  angle  7.  Boundary  condition  takes  place 
Just  below  the  ocean  surface: 


z  =  0 


(5) 


where  Is  the  direct  solar  Irradlance,  |jLq 


Is  cosine  of  the 

solar  zenith  angle  In  water,  4)q  Is  the  solar  azimuth  angle,  Is 

diffuse  radiance  In  dependence  on  zenith  angle  p,  and  azimuth 
angle  4). 


S.APPROXniATE  SOLUTICXI  OF  THE  RADIATIVE  TRANSFER  EQUATION 


It  can  be  easily  seen  that  the  radiative  transfer  equation 
(5)  becomes  nonlinear  under  photochromatlc  transformation  of  the 
DOM.  A  possible  approach  to  solve  this  equation  Is  the  consequent 
Iteration  method.  We  are  restricted  tne  first  approximation, 
resulted  In  taking  the  ratio  R=Eg/Ej^  as  one  at  absence  of  effect 

of  solar  UV  radiation  on  the  DCW  absorption.  Resulting  equations 

are  solved  In  quasl-s Ingle  scattering  approximation^. 

Ocean  water  Is  the  strong  absorption  medium  with  highly 
anisotropic  scattering.  Therefore  the  quasi-single  scattering 

approximation  of  radiative  transfer  equation^  can  be  used  for 
calculation  of  spectral  Irradlance.  This  approximation  Is  based  on 
following  assumptions:  (a)  single  scattering  In  upward  direction; 
(b)  multiple  scattering  In  downward  direction  In  accordance  with 

delta-function. 

Quasl-slngle  scattering  approximation  gives  the  simple 

expression  for  beam  transmittance:  Tj=exp(-K^z/|i),  where  Is  the 

diffuse  attenuation  coefficient,  K5^=a+b|j,  b^  Is  the  backseat terlng 

coefficient.  Here  the  water  column  Is  supposed  to  be  homogeneous. 
In  the  zero  ^roxlmatlon,  that  Is  In  absence  of  the 
photochromatlc  effect,  spectral  Irradlance  at  depth  z  can  be 
written  as 


2%  |i^ 

E;^(z)  =  E^  tJ(|Iq)  +  j  <34)  J  I^(^,4»  ^  ^  (6) 

0  0 


There  Is  the  spectral  Irradlance  for  direct  solar  radiation 

Just  beneath  the  ocean  surface,  is  the  cosine  of  the  total 

Internal  reflection  angle  e^w4^,  lJ(1j.,4))  Is  the  angle 

distribution  of  sky  radiance  after  surface  refraction. 

If  the  photochromatlc  effect  is  taken  into  account  the  beam 
transmittance  In  the  first  approximation  becomes  as  following: 
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(7) 


z 

tJ  =  exp(-K^  z/^l)  exp[a°(290)  I(\)  J  P(R°)  dz  /|i] 

0 

There  superscript  zero  denotes  parameters  taken  In  the  zero 
approximation,  that  is  in  absence  the  photochromatic  effect. 

Parameter  depending  on  depth  is  calculated  on  base  of  (2)  and 
(6).  Putting  expression  (7)  into  formula  (6)  one  obtains  solution 
of  the  nonlinear  radiative  transfer  equation  (4)  in  the  first 
approximation. 

For  calculations  of  UV  Irradlance  the  boundary  conditions  at 
sea  surface  and  the  model  of  spectral  optical  properties  of  sea 
water  are  required.  The  water  surface  is  supposed  to  be  flat. 
Refraction  of  radiance  on  the  surface  takes  place  in  accordance 
with  the  Fresnel  law.  Angular  distribution  of  radiance  incident  on 
sea  surface  was  calculated  by  numerical  method  which  is  a 

C.  fi 

modification  of  the  discrete  ordinate  method  *  .  It  simulates  the 
effects  of  multiple  scattering  for  Inhomogeneous  plane-parallel 
cloudless  atmosphere.  It  takes  into  account  absorption  by  ozone, 
molecular  and  aerosol  scattering.  The  calculations  of  UV  spectral 
radiance  were  carried  out  with  a  wavelength  resolution  of  2  nm  in 
UV-B  region  (  290-320  nm)  and  5  nm  in  UV-A  region  (320-400  nm). 

Model  of  the  optical  properties'^  Includes  the  spectral 
dependencies  of  absorption  coefficients  for  pure  sea  water  and 
dissolved  organic  matter  (DOM),  backseat terlng  coefficients  for 
pure  water  and  particulate  matter  (PM)  : 


a(^,)  =  a^(A,)+aQexp[-k(A,-A,Q)l;  b^(A.)  =  b^’'^(\)+bQ(A,/A^)  ^ 


(8) 

.-1 


There  ag  is  the  DOM  absorption  at  wavelength  A,q,  k=0.015nm  is 
coefficient,  bg  is  the  PM  backseat terlng  coefficient  at  wavelength 
m  is  parameter.  Values  of  absorption  coefficient  for  pure  sea 
water  a^(A,)  were  taken  from  paper^^. 


4.RESUL!!!S 


The  developed  model  has  been  used  to  investigate  Influence  of 
the  photochromatic  effect  on  a  set  of  optical  and  biological 
characteristics:  (a)  spectral  absorption  of  sea  water;  (b) 
spectral  distribution  of  UV  flux  at  different  depths;  (c)  depth 
dependence  of  biologically  effective  UV  dose  rates  for  unshielded 
DNA.  Input  parameters  of  the  model  are  following:  (a)  total  amount 
of  ozone  (1;  (b)  solar  zenith  angle  Sg;  (c)  aerosol  optical 

thickness  t  at  wavelength  A,g;  (d)  DOM  absorption  coefficient  at 

wavelength  A,g;  (e)  ratio  of  PM  backseat  terlng  coefficient  to  DOM 

absorption  coefficient  at  wavelength  A,g;  (f)  power  in  spectral 
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dependence  or  backseat terlng  coefriclent  m.  Preliminary 
calculations  liave  shown  that  most  Important  Input  parameters  were 
total  amount  of  ozone,  solar  zenith  angle  and  DOM  absorption 


;le  and  DOM  absorption 


coerriclent.  Other  Input  parameters  play  less  significant  role  In 

propagation  DV  radiation  In  sea  water  Optical  properties  of  sea 
water  were  chosen  as  typical  for  coastal  waters. 

Influence  of  solar  UV  radiation  on  the  sea  water  absorption 
expressed  as  ratio  of  absorption  coefficient  at  effect  In  use  to 

one  without  It  a(A,)/a*^(A,)  Is  shown  In  Plg.1.  Input  parameters  are 

following:  solai'  zenith  angle  00=30^,  total  amount  of  ozone  300 

DU,  DOM  absorption  coefficient  aQ(290)=1m”^ ,  ratio  bQ/aQ=0.05, 

parameter  m=1 ,  aerosol  optical  thickness  t=0.1  at  wavelength  400 
nm.  Value  of  DOM  absorption  coefficient  corresponds  to  coastal 
sea  waters.  All  these  Input  parameters  are  used  Invariable  In 
following  calculations.  The  data  on  Plg.1  demonstrate  the  rapid 
reduction  of  effect  of  UV  radiation  on  water  absorption  with  dj^th 
increasing.  Maximum  change  of  water  absorption  (  about  of  30%  ) 
takes  place  Just  beneath  sea  surface  and  change  of  water 
absorption  becomes  less  10%  at  depth  equal  approximately  to  3  m. 
Rapid  reduction  of  considered  effect  with  depth  Is  explained  by 
str^^ng  attenuation  of  UV-B  radiation  In  coastal  waters. 

Effect  of  solar  UV  radiation  on  water  absorption  causes 
change  In  spectral  Irradlance.  Ratio  of  Irradlance  at  effect  In 

use  to  one  without  It  Is  shown  In  Flg.2.  The  photochroma  tic 

effect  Is  pronounced  In  the  UV-B  spectral  band  where  Increase  of 
Irradlance  attains  about  of  two  times  at  depth  1  m.  Change  of 
si^ectral  Irradlance  In  the  UV-A  spectral  band  is  Insignificant. 
Qhphasls  of  effect  In  the  UV-B  spectral  band  Is  especially 
Important  for  biological  community  because  Just  UV-B  radiation  Is 
biologically  harmful. 

The  biological  effect  of  UV  radiation  Is  orxUnaiy  described 
by  action  spectnrm.  Biological  dose  rate  of  UV  radiation  Is 
expressed  as  weighted  Integral: 


D(z) 


z)  A(A)  dA 


where  A(A)  Is  an  action  spec  tram.  UV  dose  rates  wera  calculated 
using  the  action  spectram  lor  unshielded  DNA  (Setlow’s  spectrum). 

This  spec  tram  was  taken  from  paper^^  wheia  Its  absolute  values 
were  given.  DNA  dose  rates  wera  calculated  for  two  cases:  at  the 
photocluamatlc  effect  In  use  and  In  Its  absence.  Ratio  of  these 

dose  rates  D(z)/D^(z)  Is  shown  In  Flg.3  for  dlfferant  solar  zenith 
angles  and  total  amounts  of  ozone.  The  photochramatlc  effect  on 
DNA  dose  rates  iJicraases  with  the  solar  zenith  angle  diminishing 
and  the  total  ozone  amount  reducing.  Maximum  effect  raveals  at 
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depth  about  ot  4  m  where  increase  of  dose  rate  at  effect  In  use 
attains  approximately  A0%. 

Biologically  effective  UV  enhancement  ratio  resulting  from 
reduction  of  the  total  ozone  column  can  be  determined  as  ratio  of 
dose  rate  at  less  amount  of  ozone  to  dose  rate  at  greater  amount 

of  ozone^*^:  r=-D(250)/D(400).  This  ratio  can  be  named  as  the 
radiation  amplifier  factor  analogous  to  routine  determination  of 
this  factor  at  one  percent  decrease  of  ozone  amount.  The  depth 
dependence  of  ratio  r  at  the  photochromatlc  effect  In  use  Is  shown 
in  Pig. 4a  for  different  solar  zenith  angles.  This  ratio  decreases 
rapidly  with  depth  Increasing  due  to  rapid  attenuation  of  UV-B 
radiation.  The  photochromatlc  effect  leads  to  Increase  of 
influence  of  ozone  depletion  on  DNA  dose  rate.  In  Fig. 4b  the  ratio 
of  radiation  amplifier  factor  at  effect  In  use  to  one  without 
effect  Is  shown.  The  photoclux)matlc  effect  Is  pronounced  for  small 
solar  zenith  angles.  Increase  In  the  radiation  amplifier  factor  at 
the  photochromatlc  effect  In  use  attains  6-f10%  in  SO+TO®  region  of 
solar  zenith  angles. 


5.C0NCLUSI(»< 

The  radiative  transfer  model  has  been  developed  which 
Includes  recently  revealed  effect  of  the  solar  UV  radiation  on 
water  absorption.  To  Include  this  effect  Into  radiative  transfer 
model  the  parameterization  of  the  effect  Is  fulfilled.  Change  of 
water  abso^tlon  due  to  this  effect  is  considered  as  change  or  the 
DOM  absorption  In  dependence  on  ratio  of  UV-B  flux  to  Uv-A  flux. 
Resulting  nonlinear  radiative  transfer  equation  has  been  solved  by 
consequent  Iterations  method  with  using  the  quasl-slngle 
scattering  approximation.  Calculations  ^ow  that  spectral 
Irradlance  near  wavelength  290  nm  Increases  approximately  In  two 
times  at  depth  1  m  when  the  effect  of  UV  radiation  on  water 
absorption  Is  Included  Into  calculations. 

By  convolution  of  calculated  spectral  '  Irradlance  with 
Set low’s  action  spectrum  for  unshielded  DM  the  depth  dependence 
of  biologically  effective  UV  dose  rates  are  calculated  for 
different  solar  zenith  angles  and  total  ozone  amounts.  Effect  of 
solar  UV  radiation  on  water  absorption  Is  pronounced  at  lower 
ozone  amounts  and  hlglier  solar  elevations.  Maximum  enhancement  of 
DM  dose  rates  resulting  from  considered  effect  attains  about  of 
40%  at  depth  4  m.  Effect  of  UV  radiation  on  water  absorption  leads 
to  10%  Increase  of  radiation  amplifier  factor  determined  as  ratio 
of  DNA  dose  rates  at  reduction  of  total  ozone  amount  from  400  DU 
to  250  DU. 

The  effect  of  solar  UV  radiation  on  water  absorption  Is 
esgeclally  Important  for  coastal  waters  with  great  content  of  the 
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Flg.1.  Absorption  coefficient  of  sea  water  a^(A,)  In  absence 

of  the  photochromatlc  effect  (ciiP7e  1 )  and  ratio  of  absorption 

coefficient  at  effect  in  use  to  one  without  effect  a(A.)/a^(A,). 
Curve  2  corresponds  to  depth  z  =  0  m,  curve  3  corresponds  to  z  =  1 
m  and  curve  4  corresponds  to  z  =  3  m.  Solar  zenith  angle  is  equal 

to  v30^,  total  ozone  amount  Is  equal  to  300  DU. 
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wavelength 


Pig. 2.  Ratio  of  spectral  Irradlance  at  the  photoctiroraatlc 
effect  In  use  to  one  without  effect  for  different  depths.  Curve  1 
corresponds  to  depth  z  =1  m,  curve  2  cori'esponds  to  z  =  3  m  and 

curve  3  corresponds  to  z  =  5  m.  Solar  zenith  angle  is  equal  to  30° 
and  total  ozone  amount  Is  equal  to  300  DU. 
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Pig. 3.  (a)  Ratio  of  DNA  dose  rate  at  the  photochromatic 

effect  in  use  to  one  without  effect  D(z)/D*^(z)  for  different  solar 

zenith  angles  0q.  Curve  1  corresponds  to  0q  =  30^  ,  curve  2 

corresponds  to  0q  =  50^  and  curve  3  corresponds  to  0q  =  70^.  Total 

ozone  amount  is  equal  to  300  DU.  (b)  Analogous  ratio  of  DNA  dose 
rates  for  different  total  ozone  amounts  0.  Curve  1  corresponds  to 
0  =  250  DU,  curve  2  corresponds  to  0  =  300  DU  and  curve  3 

corresponds  to  n  =400  DU.  Solar  zenith  angle  is  equal  to  30®. 
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Plg.4.  (a)  Radiation  amplifier  factor  r  =  D(250)/D(4CX))  for 
DNA  dose  rate  showed  at  the  photochromatlc  effect  in  use  ror 

different  solar  zenith  angles  Gq.  Curve  1  corresponds  to  0q*  3(r , 

curve  2  corresponds  to  0q=  50^  and  curve  3  corresponds  to  0q« 

70®.  (h)  Ratio  of  radiation  amplifier  factor  at  the  photochronatlc 

effect  In  use  to  one  without  effect  r/r®  for  different  solar 
zenith  angles.  Numbers  at  curves  are  the  same. 
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ABSTRACT 


Calculations  of  self-shading  for  an  instrument  measuring  upward  irradiance  were 
conducted  with  a  Monte-Carlo  radiance  transfer  algorithm.  The  dgorithm  included  Cox- 
Munk  wave-slope  probability  function  and  simulation  of  diffusion  on  sea-bottom  allowing 
incorporation  of  rough  and/or  shallow  sea  in  the  simulations.  The  effect  of  the  self¬ 
shading  phenomenon  was  calculated  in  function  of  instrument  radius,  sea-water 
absorption,  surface  roughness  (depending  on  assumed  wind  velocity  up  to  15  m/s)  depth 
of  the  instrument,  its  height  over  bottom  and  bottom  albedo  (both  diffusive  and  reflective 
one). 


1  INTRODUCTION 

The  problem  of  self-shading  by  in-water  optical  instruments  has  been  discussed  during  last 
few  years.  It  is  an  inherent  problem  of  upwelling  radiance  and  irradiance  measurements  in 
sea.  Since  every  photon  of  upwelling  radiance  (assuming  no  light  sources)  must  have 
passed  the  instrument  depth  on  the  way  down  to  come  back  from  beneath,  it  is  obvious 
that  some  of  them  are  blocked  by  the  instrument  housing.  The  effect  of  self-shading  was 
first  calculated  Gordon  and  Ding^  in  1991.  However  in  their  paper  they  did  not  consider 
sea-surface  roughness  and  influence  of  sea-bottom  in  shallow  basins.  This  author  used  his 
own  Monte-Carlo  algorithm  for  solving  the  radiance  transfo-  equation  in  the  sea.  It 
included  a  numerical  representation  of  rough  sea  surface  as  well  as  light  diffusion  on 
simulated  bottom.  The  object  of  the  calculations  was  to  determine  how  much  the  two 
additional  phenomena  affect  the  self-shading  of  in-water  instruments. 


2.  MATERIALS  AND  METHODS 

The  instrument  measuring  upwelling  irradiance  was  imagined  as  a  circular  disk  of  radius  R 
floating  at  a  depth  d  under  the  sea  surface.  The  sensor  itself  is  treated  as  a  point  at  the 
center  of  the  disk.  No  attempt  was  made  to  make  calculations  for  a  sensor  of  non-zero 
diameter  as  the  effect  of  maJdng  the  sensor  finite  was  already  extensively  discussed  in 
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aforementioned  paper  by  Gordon  and  Ding.  Off  course  the  assumed  shape  of  the 
instrument  (being  in  reality  rather  cylinder  or  a  cone)  makes  the  calculated  values  of  self¬ 
shading  an  understatement. 

Photons  in  the  Monte-Carlo  algorithm,  used  in  the  calculations,  were  traced  in  the  natural 
forward  direction.  Absorption  ended  an  photon's  history,  i.e.  no  partial  photons  were 
traced  to  make  the  physical  meaning  of  the  algorithm  easier  to  analyze^*^.  The  price  for 
that  was  paid  in  time-e£Bciency  of  the  program.  The  history  of  every  photon  that  reached 
the  assumed  instrument's  depth  on  its  return  way  upwards  was  then  traced  back  to  see  if  it 
passed  through  the  instrument  on  its  way  down.  Each  of  multiple  downward  passes  for  a 
given  photon  were  counted  as  each  adds  to  unperturbed  downward  irradiance  on  the  level 
of  the  instrument.  The  ratio  of  such  photons  to  all  photons  upwelling  through  the 
instrument  depth  (again  including  multiple  pass^)  is  the  sought  ratio  of  self-shading  (i.e. 
relative  error  of  upwelling  irradiance  measurement).  Similarly,  by  counting  not  photons 
but  their  cosines,  the  effect  of  self  shading  on  vector  upwelling  irradiance  can  be 
calculated.  If  the  photons  are  included  only  if  they  come  to  the  instrument  from  a  narrow 
solid  angle,  analogous  ratio  represents  relative  error  of  upwelling  radiance  coming  from 
the  center  of  that  angle.  All  three  possibilities  are  incorporated  in  the  computer  program. 
However,  results  showi'  below  are  mostly  irradiation  ones  as  this  is  the  most  frequently 
measured  parameter  of  upwelling  light  in  the  sea. 

The  algorithm  allowed  introducing  of  a  layered  sea  with  different  absorption  a  and  total 
backscattering  b  coefficients.  This  was  however  not  used  in  present  ctdculations;  water 
column  is  homogeneous  to  make  the  simulations  simpler  to  analyze.  Similarly  only  a  point 
source  of  photons  simulating  the  sun  was  used;  light  scattered  in  the  atmosphere  (skylight) 
was  left  out  in  most  calculations  to  study  dependence  of  self-shading  on  sun  zenith  angle. 
A  standard  scattering  phase  function  for  open  ocean  sea-water  was  used. 

The  roughness  of  sea  surface  was  introduced  by  using  Cox-Munk^  probability  distribution 
of  wave  slopes.  The  parameters  defining  the  distribution  are  azimuth  and  velocity  of  wind 
producing  the  sea-surface  waves.  Each  time  a  photon  reached  zero  depth,  including  the 
moment  it  leaves  atmosphere,  an  inclination  of  the  element  of  wave  surface  is  randomly 
chosen.  Reflection  or  refraction  is  chosen  according  to  Fresnel  law  in  the  co-ordinates  of 
the  surface  element.  The  effect  of  visibility  of  the  element  by  the  incident  photon  is  took 
into  account  by  accepting  only  slopes  for  which  a  [0,1)  range  random  number  is  smaller 
then  cosine  of  the  surface  element's  normal  to  the  photon  direction.  There  are  some 
limitation  to  the  method.  Photons  reflected  or  refracted  into  the  wrong  hemisphere  (e.g. 
upwelling  photon  reflected  upwca-ds  on  an  extremely  sloped  surface  element)  must  be 
rejected.  All  surface  events  are  assumed  to  happen  at  zero  depth  as  Cox-Munk  distribution 
gives  no  information  on  actual  height  of  a  surface  element.  No  shading  of  the  surface 
element  by  neighboring  waves  can  be  taken  into  account,  distorting  calculations  especially 
for  low  sun  angles.  The  Cox-Munk  distribution  is  defined  only  for  wind  velocities  up  to  IS 
m/s. 

Sea-bottom  reflectance  was  assumed  to  be  a  uniform  diftusion  with  some  reflection  added 
to  simulate  a  forward  tilted  reflectance  phase  function.  Both  diftusive  and  reflective  albedo 
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Fig  1.  Dependence  of  upwelling  inradiance  relative  error  on  etR  product, 
(d  *  0  m,  D  *  00,  <D  =  0.8, 0  =  40®,  v  =  0  m/s) 


Fig  2.  Dependence  of  upwelling  irradiance  relative  error  on  absorption  a 
(d  =  0  m,  D  =  00,  b  =  0. 1  m*^  0  =  40®,  v  =  0  m/s) 
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could  be  changed  separately.  Only  level  (horizontal)  bottom  was  considered  in  the 
calculations. 

The  calculations  presented  were  carried  out  partly  on  PC  486  50  MHz  in  Institute  of 
Oceanology,  Sopot  and  partly  on  a  Sun  Sparc  Sever  630  MP  in  Remote  Sensing 
Laboratory  of  GKSS  Forschungszentrum  Geesthacht,  Germany.  All  results  for  rough  sea- 
surface  model  presented  here  were  calculated  using  4  million  photons.  Calculations  for 
each  million  photons  took  45-100  minutes  for  the  PC  used  and  20-45  minutes  for  the  Sun 
Workstation  depending  on  solar  zenith  angle  and  degree  of  sea  roughness.. 


3.  RESULTS  AND  DISCUSSION 

It  is  obvious  from  dimensional  analysis  that  changing  of  absorption  a  (with  proportional 
change  of  total  scattering  b  to  keep  photon  survival  probability  (o=b/(a-^b)  constant)  is 
equivalent  to  changing  all  sizes  /  so  that  product  al  remains  unchanged.  Therefore  relative 
error  in  measurement  of  upwelling  irradiation  due  to  self-shading  must  be  a  function  of 
aR,  where  R  is  the  radius  of  instrument  shading.  This  relative  error  will  be  called  further 
self-shading  ratio  as  it  represents  the  ratio  of  upwelling  photons  blocked  by  instrument 
shading  to  the  number  of  upwelling  irradiance  photons  in  the  absence  of  the  instrument. 
Figure  1  shows  dependence  of  self-shading  ratio  on  product  aR  for  photon  survival 
probability  6r=0.8.  For  reasonable  values  oiaR  the  relationship  is  almost  linear.  Moreover, 
as  Figure  2  shows  self-shading  has  almost  no  dependence  on  scattering  for  constant  a. 
This  result,  consistent  with  Gordon  and  Ding^,  means  that  self-shading  ratio  practically 
does  not  depend  on  a. 

The  results  presented  so  far  have  been  calculated  for  a  flat-surfaced  sea.  One  of  aims  of 
this  paper  was  to  investigate  how  the  effect  of  self-shading  changes  in  presence  of  waves 
on  the  surface.  Fig.  4  shows  its  dependence  on  the  degree  of  surface  roughness  (defined  in 
used  Cox-Munk  model  of  sea-surface  by  wind  velocity  v)  for  various  solar  zenith  angles. 
The  angle  of  simulated  wind  direction  to  solar  azimuth  was  d=45°.  Because,  as  mentioned 
above,  Cox-Munk  distribution  gives  no  information  on  actual  height  of  surface  elements, 
instrument  depth  was  chosen  at  d=2m,  just  under  the  zone  of  actual  waves.  Calculated 
self-shading  decreased  for  greater  solar  zenith  angles  9  (sun  closer  to  horizon).  This  is 
caused  by  better  direct  illumination  of  volume  just  under  the  instrument  when  sunlight  is 
more  slanted.  However,  the  effect  of  surface  waves  turned  out  to  be  rather  subtle.  Self¬ 
shading  error  in  upwelling  irradiance  decreases  a  little  with  growing  sea-surface  roughness 
for  greater  solar  zenith  angles.  For  low  zenith  angles  there  is  almost  no  dependence  on 
wind  speed. 

The  effect  of  different  directions  of  wind  generating  ocean  waves  on  self-shading  was  also 
studied.  Fig.  5  shows  results  for  several  wind  directions  relative  to  solar  azimuth  9  and 
two  values  of  aR  product.  There  is  a  noticeable  dependence  of  self-shading  on  the  wind 
azimuth.  However  the  values  for  different  azimuths  do  not  differ  more  than  one  standard 
deviation  for  4  million  photons  used.  The  linear  regressi  n  Ime  for  the  calculated  values  is 
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Fig  3.  Dependence  of  upwelling  irradiance  relative  error  on  total  scattering  b 
(d  =  0  m,  D  =  00,  a  =  0.025  m*^,  0  “  40®,  v  *  0  m/i) 


Fig  4.  Dependence  of  upwelling  irradiance  relative  error  on  solar  zenith  angle  0  and  wind 
veelocity  v  (d=2  m,  D  =  oc,  aR  =0. 1, 0=0.8,  0=45®) 
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shown  for  comparison.  Especially  for  a/J=0.1  the  values  lie  very  close  to  the  regression 
line. 

Figure  6  shows  the  effect  of  bottom  on  self-shading  ratio.  The  calculations  were  done  for 
the  instrument  hanged  d=20  m  under  sea  surface;  distance  to  bottom  was  varied  by 
changing  bottom  depth  (D  -  depth  of  the  bottom).  As  expected,  close  to  the  bottom  almost 
all  upwelling  photons  must  have  passed  through  the  instrument  on  their  way  down.  This 
leads  to  very  high  values  of  upwelling  irradiance  error  close  to  the  bottom.  However  a  few 
meters  above  bottom  this  ratio  decreases  even  under  its  value  for  bottomless  sea.  This 
could  be  caused  by  greater  fraction  of  highly  slanted  photon  paths  for  photons  diffused  on 
bottom  than  in  unperturbed  light  field  in  water. 

The  effect  of  bottom  albedo  on  self-shading  for  an  instrument  close  to  the  bottom  was 
studied.  Calculations  were  done  for  an  instrument  floating  1  m  over  the  bottom.  Light 
returning  from  the  bottom  was  80%  homogeneous  diffusion,  20%  geometric  reflection  (ti 
=0.2)  to  simulate  a  forward-elongated  angular  reflection  fimction.  Figure  7  shows  that  the 
darker  the  bottom  the  bigger  is  the  upwelling  irradiance  error.  Surprisingly  for  albedos 
greater  than  0.2  the  bottom  effect  practically  saturates.  There  is  almost  no  further  decrease 
in  self-shading  ratio  for  highly  reflective  bottoms.  Influence  of  angular  bottom  reflection 
function  on  self-shading  for  upwelling  irradiance  was  studied  by  varying  the  reflective 
fraction  of  albedo  i^.  Figure  8  presents  the  results.  The  self-shading  error  depends  linearly 
on  this  parameter.  It  means  the  less  elongated  is  the  angular  reflection  fimction  (the  more 
diffusive  the  bottom)  the  smaller  becomes  error  introduced  by  self-shading. 


4.  CONCLUSIONS 

The  results  of  numerical  Monte-Carlo  simulations  of  the  self-shading  of  in-water 
instruments  measuring  upwelling  irradiance  show  that  introducing  rough  sea-surface  does 
not  lead  to  changing  the  maximum  instrument  sizes  estimated  by  Gordon  and  Ding^. 
Surface  roughness  does  lead  to  a  small  decrease  in  self-shading  error  but  only  for  high 
solar  zenith  angles.  Influence  of  direction  of  wave-inducing  wind  may  be  neglected. 

Calculations  show  that  at  small  height  over  sea  bottom  (comparable  to  instrument 
diameter)  there  is  a  significant  increase  in  self-shading  error  for  upwelling  irradiance. 
However,  instrument  floating  higher  but  still  in  the  zone  of  bottom  visibility  experiences 
smaller  values  of  self-shading  error  due  to  the  change  in  light  field  that  diffusive  bottom 
introduces.  This  effect  is  particularly  strong  for  ideally  diffusive  and  whitish  bottoms. 
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Fig  5.  Dependence  of  upwelling  irradiance  relative  error  on  sun-to>wind  azimuth  angle  S 
(d  =  2  m,  D  =  oc,  aR  *  0. 1,  ffl  *  0.8, 0  =  45®,  v  =  15  m/s) 


Fig  6.  Dependence  of  upwelling  irradiance  relative  error  on  height  of  instrument  over 
bottom  (d  *  20m,  A^=  0.1,  =  0.2,  a  *  0. 1  m**,  0=0.8, 0=®45®,  v=15  m/s) 
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Fig  7.  Dependence  of  upwelling  irradiance  relative  error  on  bottom  albedo  Af, 
(d=20m,  D=21m,  ii=0.2,  a=0.1  m*‘,  ©=0.8, 0=45®,  v=15  m/s) 


Fig  8.  Dependence  of  upwelling  irradiance  relative  error  on  reflective  fiiaction  of  albedo  ii 
(d=20m,  D=21m,  Ab=0.1,  a=0.1  m'^  ©=0.8, 0=45®,  v=15  m/s) 
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ABSTRACT 

Profiles  of  spectral  attenuation  and  absorption  were  measured  in  situ  with  a  WET  Labs  AC-9; 
scattering  coefficients  were  calculated  by  difference.  Closure  of  the  absorption  and  scattering  coefficients 
was  obtained  on  this  limited  data  set  for  in  situ  and  discrete  sample  rneasurernems.  Cemirneter-scale  fine 
structures  were  observed  in  the  vertical  profiles.  Total  <d>sorption  coefficients  were  dominated  by  the 
phytoplankton  component.  Total  attenuation  coefficients  were  dominated  by  scattering  ahhough  the  effects 
of  strong  absorption  were  apparent  in  both  the  attenuation  and  scattering  spectra.  The  vertical  structure  of 
absorption  and  scattering  were  not  spatially  coherent,  nor  were  the  vertical  structures  of  phytoplankton  and 
non-phytoplankton  absorption,  llie  strongest  spatial  coherence  was  observed  between  the  non- 
phytoplanktonic  componem  absorption  and  particle  scattering  coefficients.  The  spectral  absorption 
coefficients  of  the  in  situ  phytoplankton  component  exhibited  decreasing  blue  to  red  absorption  ratios  as  a 
function  of  depth  and  spectral  flattening  of  the  blue  absorption  peak  indicative  of  photoadaptation.  The 
results  of  this  study  indicate  that  centimeter-scale  atudyses  of  component  inherent  optical  properties  are 
possible  with  in  situ  optical  instrumentation. 


1  INTRODUCTION 

The  inherent  optical  properties  (lOPs;  absorption,  scattering,  and  their  sum,  attenuation)  determine 
the  magnitude  and  spectral  quality  of  light  transmission  through  the  water  column  and  light  emission  from 
the  ocean  surftce.  Absorption  of  visible  and  infrared  energy  determines  the  transfer  of  heat  in  the  upper 
ocean.  Absorption  of  solar  energy  by  phytoplankton  drives  photosymhesis  and  results  in  production  of 
stored  chemical  er«ergy.  For  these  varied  reasons,  determination  of  the  lOPs  of  cornponems  in  natural 
waters  is  a  primary  goal  for  oceanographers  of  all  disciplines. 

Historically,  absorption  coefficients  were  determined  spectrophotometrically  on  water  samples 
collected  at  discrete  depths.  Attenuation  coefficients  were  determined  with  single  wavelength  in  situ 
transmissometers.  Recent  advances  in  optical  technology  have  res’jited  in  new  in  situ  instrumemation  to 
measure  absorption  and  attenuation  at  discrete  wavelengths''  ^  *.  The  first  order  of  investigation  is  to 
determine  if  instrument  closure  can  be  obtained  by  quantitatively  comparing  the  lOPs  measured  in  situ  to 
those  measured  on  discrete  water  samples.  The  second  order  of  investigation  is  to  determine  if  the  lOPs  can 
be  separated  imo  contributions  by  the  various  components  in  natural  waters’*  The  purpose  of  this  study 
was  to  verify  closure  of  the  fOPs  and  application  of  a  component  model  in  natural  waters. 


2  METHODS 

Water  samples  and  optical  measurements  were  collected  in  East  Sound,  Orcas  Island,  Washington 
in  May  1993.  The  euphotic  zone  was  determined  to  be  less  than  12  m  (S.  McClain,  pers.  comm  ).  The  water 
column  was  dominated  by  a  large  bloom  of  chain-forming  diatoms  {Chaetoceros  ssp.)  with  a  range  in 
chlorophyll  a  concentrations  of  S  to  20  pg  f' . 

Profiles  of  absorption,  a,  and  attenuation,  c,  coefficients  were  measured  with  a  WET  Labs  AC-9^ 
at  wavelengths,  \  =  412,  4S6,  488,  532,  560,  650,  660,  676.  and  712  nm.  Data  were  collected  at  6  Hz  and 
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bin  averaged  to  account  for  flushing  rate  of  the  sample  ceils  to  arrive  at  independent  sample  measurements. 
Absorption  and  attenuation  values  were  calibrated  reUoive  to  pure  water^.  The  in  situ  spectral  absorption 
coefficients  were  partitioned  into  contributions  by  the  phytoplankton  and  non-phytoplankton  components, 
a^X)  and  a,^X),  respectively,  using  the  model  and  coefficients  of  Roesler  et  al.*.  The  model  was  modified 
for  the  wavelength  4S6  nm  instead  of 436  nm  by  setting  the  maximal  blue  to  red  absorption  peak  ratio  to  1 .5 
and  scaling  it  to  the  pheopigment  to  chlorophyll  ratio. 

Water  samples  were  collected  at  seven  depths  in  the  upper  1 2  m  of  the  water  column  from  a  siphon 
system  with  intake  immediately  adjacent  to  the  intake  for  the  AC-9,  a  and  c  were  monitored  during  water 
collection  at  each  depth  to  determine  the  natural  variations  in  optical  properties.  Samples  were  filtered  on 
combusted  glass  fiber  filters  (Whatman  GF/F)  and  then  either  extracted  in  90%  acetone  for  48  hours  in  a 
freezer,  and  analyzed  fluorometrically  for  chlorophyll  and  pheopigment  concentrations  or  scanned 
spectrophotometrically  for  particulate  absorption  spectra*.  Absorption  spectra  for  gelbstoff  were 
determined  spectrophotometrically  in  10  cm  quartz  cuvettes  from  the  filtrate.  Particle  size  distributions  were 
measured  over  the  diameter  range  0.5  to  ISO  pm  with  a  Galai  CISlOO  Particle  Analyzer.  This  instrument 
determines  particle  diameters  from  the  time  of  transit  of  a  laser  beam  as  it  intersects  the  midsection  of  a 
particle  (C.  S.  Roesler  and  M.  E.  Culver,  unpub.  data).  The  shape  of  the  voltage  trace  during  the  interaction 
is  used  to  reject  off-center  interactions. 


3  RESULTS 


3. 1  Correction  of  the  reflecting  tube  absorption  meter 


The  absorption  by  particulate  and  dissolved  material  in  the  ocean  is  minimal  in  the  red  region  of  the 
spectrum.  The  absorption  signal  measured  at  712  nm  is  therefore  assumed  to  be  due  primarily  to  scattering 
and  can  be  used  to  correct  the  entire  spectrum  for  scattering*.  Scattering  errors  in  the  reflecting  tube 
absorption  meter,  eb(X),  were  determined  from  the  measured  absorption  signal  at  712  nm  scaled  spectrally  to 
the  attenuation  spectrum. 


e6(X)  =  eb(7l2) 


b(7I2) 


(la) 


where 


b(A.)  =  c(A.)-a’(k)  (Ib) 

a'(A.)  is  the  uncorrected  absorption  coefficiem  and 

eb(7l2)  =  a'(712)  (Ic). 

Corrected  absorption  coefficients  were  then  determined  by: 

a(>.)  =  aU)-6t(X)  (2). 


The  scattering  error  was  of  the  same  order  as  the  absorption  coefficient  at  456  nm  in  these  waters,  and 
approximately  30%  of  the  scattering  coefficiem. 

3.2  Closure  between  in  situ  and  discrete  determinations  of  the  inherent  optical  properties 

Corrected  absorption  coefficiems  were  calculated  from  static  measuremerns  made  with  the  AC-9 
during  water  collection.  These  coefficiems  exhibited  a  range  in  absorption  of  0.05  to  0.4  [m  ']  over  the 
approximately  two  minute  time  period  of  water  collection  at  each  depth  (Fig.  la).  Total  absorption 
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Fig.  1 .  (a)  Absorption  coefficients  for  all  wavelength  detennined  with  the  AC-9  at  discrete 
depths,  a,  and  determined  spectrophotometrically,  a^.  a^  is  the  sum  of 
spectrophotometrically-determin^  absorption  coef^ents  for  the  particulate  and 
dissolved  fractions  of  the  water  sample.  The  error  bars  associated  with  a  indicate  the 
±  1  standard  deviation  of  the  natural  variability  in  a  observed  at  the  depth  of  water 
collection  durit^  the  time  of  collection.  The  error  bars  associated  with  a^  are 
attributed  to  errors  in  the  beta  correction  for  particulate  absorption  spectra  determined 
on  a  filter  pad  '.  The  line  is  the  1:1  although  the  r^ression  fit  slope  and  intercept  are 
not  signific^ly  diffisrent  from  one  and  zero,  respectively  (p<0.001). 

(b)  Scattering  coefficients  at  712  ran  as  determined  by  the  AC-9,  b(712),  and  as 
estimated  from  Mie  theory  using  measured  pvticie  size  distributions,  bMM(7 12).  b(712) 
=  0(712)  sinoe  a(712)  was  set  equal  to  zero.  Error  bars  associated  with  b  indicate  the 
±  1  standard  deviation  of  the  natural  variability  in  b  observed  at  the  depth  of  water 
collection  during  the  time  of  collection.  The  error  bars  associated  with  bMto(7I2)  are 
attributed  to  variability  in  the  measurement  of  the  particle  size  distribution  function. 
The  line  is  the  1:1.  R^tession  analysis  was  not  statistically  significant. 


coefficients  (mimis  the  water  contribution)  were  calculated  from  the  spectrophotometric  measurements: 

e^X)  =  a^l.)  +  9^X)  (2) 

where  the  subscript  spec  indicates  a  spectropdtotoroetrically  determined  absorption  coefficient,  the 
subscripts  p  and  g  indicate  measurements  made  on  the  particulate  and  geibstofiP  fractions  of  discrete  samples. 
Within  this  natural  variation,  the  absorption  coefficients  determined  from  the  AC-9  and  spectrophotometer 
compared  &vord)ly  (Fig.  la).  While  there  is  the  suggestion  of  a  non-linear  trend  in  the  data,  the  slope 
obtained  fitm  linear  r^resskm  is  not  significamly  difforent  from  1  (pcO.OOl). 

Scattering  coefficients  were  determined  from  the  AC-9  measurement  of  attenuation  at  712  ran. 
These  coefficients  exhibited  a  rai^  of  of  O.S  to  0.7S  [m'']  in  natural  variability.  Scatterir^  coefficients  were 
calculated  fitm  hfie  theory  frir  homogeneous  particles  and  measured  particle  size  distributions  in  the  absence 
of  absorption  at  71 2  nm'°' " : 
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(3a). 


bw,(712)  =  z"  N,Qb,Ji% 

t»i  *» 

The  subscript  Mie  indicates  the  calculated  scattering  coefficient,  N|  is  the  concentration  of  particles  with 
diameter  d|  and  Qu  is  the  scattering  efficiency  for  individual  particles  given  by: 

4  4  nbt 

Qbi  =  2-^np  +  ^(l-cosp)  ^  ’ 

where  p  is  the  size  parameter  of  the  particle  relative  to  the  wavelength  of  light  (A.  =  712  nm). 


4  Rdi 


(n-t) 


(3c) 


and  n  is  the  refractive  index  of  the  particles  relative  to  water.  Particle  size  distributions,  measured  from  O.S 
to  ISO  pm  were  extrapolated  to  0.01  pm  using  the  logio  slope  calculated  over  the  range  1  to  4  pm  to  better 
predict  the  population  of  scattering  particles  (Fig.  2).  Values  of  rt  were  scaled  from  1 . 1 S  for  small  refractive 
particles  of  0.01  pm  diameter  to  I  OS  for  larger  less  refractive  panicles  of  diameters  2  4  pm  (Fig.  2). 


Scattering  coefficients  determined  from  in  situ  measurements  and  calculated  from  Mie  theory  were 
found  to  covary  within  the  range  of  natural  variability  observed  in  b  and  within  the  error  of  the  bM, 
calculation  (as  determined  by  the  standard  deviation  in  Ni  values)  (Fig.  lb). 


Fig.  2.  Example  of  the  measured  particle 
size  distribution  function  (bold  solid  line) 
and  the  relative  index  of  refraction  (light 
solid  line)  used  in  the  Mie  scattering 
nnodel.  The  size  distribution  from  0.01  to 
O.S  pm  was  extrapolated  from  the  logio 
slope  calculated  from  O.S  to  4.0  pm. 


di[pml 


3 . 3  Vertical  distribution  of  the  ^ctral  inherent  optical  properties 

Profiles  of  corrected  absorption  and  scattering  coefficients  illustrate  the  large  variability  in  the 
distribution  of  absorbing  and  scattering  rruterial  in  these  waters.  Autocorrelation  of  unsmoothed  a  profiles 
indicate  the  presence  of  features  2  to  S  centimeters  thick  with  a  range  in  absorption  coefficiem  of  0.2S  m*' 
(Fig.  3).  A  10-cm  boxcar  smoothing  window  was  used  for  subsequem  analysis. 

The  overall  trend  in  a  was  different  than  that  for  b  (Fig.  4a).  a  was  maximal  at  approximately  Sm 
while  b  was  maximal  at  the  surfoce.  The  subsurface  maximum  in  a  at  4.8  m  was  due  almost  exclusively  to 
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Fig.  3.  Examples  of  the  vertical  profile  of 
absorption  measured  with  the  AC-9  at  4S6  nm. 
The  profile  on  the  Eu*  left  is  the  unsmoothed 
data  corrected  for  scattering  and  for  the 
residence  time  of  fluid  in  the  sample  tube.  The 
three  ofi^  profiles  on  the  right  are  the  same 
data  smoothed  with  moving  boxcar  windows  of 
4  cm,  10  cm,  and  40  cm,  respectively. 
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Fig.  4.  (a)  Absorption,  a  (left),  and  scattering,  b  (right),  profiles  measured  with  the  AC-9 
at  456  nm.  Data  are  smoothed  with  a  10  cm  moving  boxcar  window.  Depths  for 
absorption  and  scattering  spectra  are  indicated  by  dashed  lines,  (b)  Vertical  profiles  of 
absorption  by  the  phytoplanktonic,  a^  (right)  and  non-phytoplanktonic,  adg  (left), 
particulate  components  as  determined  from  the  measured  total  absorption  co^ciem 
and  the  model  of  Roesler  et  al.*. 
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the  phytoplankton  component  (Fig.  4b).  A  slight  enhancement  of  the  non-phytoplankton  absoibing 
component  was  observed  just  above  the  phytoplanktoa  maximum  at  4  m. 

Five  depths  were  selected  in  the  profile  to  examine  the  differences  in  the  spectral  distribution  of  the 
lOPs.  The  selection  criteria  were  used  to  highlight  rqions  of  spatial  coherence  and  incoherence  between  a 
and  b  and  also  to  examine  the  depth  dependent  changes  in  the  absorption  coefBdeitt  associated  with 
phytoplankton.  As  expected  from  Fig.  4b,  the  in  sini  spectral  absorption  coefficients  strongly  resembled 
phytoplankton  absorption  coefficients  (Fig.  Sa).  This  is  not  surprising  given  the  large  concentrations  of 


400  500  600  700 


;b 

o 


0  -U - - 1- - i - __j- - .. - — I - 1 

400  500  600  700 

Wavelentfh  [m^ 

Fig.  5.  Spectral  (a)  absorption,  (b)  scattering,  and  (c)  attenuation  coefficients 
meaau^  with  the  AC-9  at  the  depths  shown  in  Fig.  4. 
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phytoplankton  in  these  waters.  The  spectral  trend  in  c  and  b  were  approximately  flat  although  there  were 
features  associated  with  the  strong  absorption  coefficients  (Fig.  4  b  and  c). 

The  large  scale  vertical  distribution  of  and  Sdg  were  not  visually  coherent  (Fig.  6a).  Both 
components  exhibited  subsurface  maxima  but  that  of  was  more  than  a  meter  deeper  than  the  maxima  in 
adg.  On  the  scale  of  tens  of  cm  the  two  components  also  appeared  to  be  incoherent.  The  non¬ 
phytoplankton  component  is  comprised  of  the  non-planktonic  particles  and  dissolved  material.  Since 
particles  will  contribute  significantly  to  the  scattering  coefficients,  it  is  expected  that  a^g  will  be  spatially 
coherent  with  b  if  a^g  is  dominated  by  particle  absorption.  While  the  spatial  coherence  betwec  3dg  and  b  is 
similar  in  the  large  scale,  there  are  features  in  adg  that  are  not  observed  in  b,  suggesting  that  there  is 
significant  structure  in  gelbstoflf  absorption  or  in  the  ratio  of  particle  absorption  to  scattering  (Fig.  6b). 


Fig.  6.  (a)  Normalized  (differenced  from  mean  and  scaled  to  standard  deviation) 
absorption  coefficients  at  456  nm  for  the  phytoplanktonic  (bold  solid)  and  the 
non-phytoplanktonic  (light  solid)  absorbing  components,  (b)  As  in  part  a  for 
the  non-phytoplanktonic  absorbing  component  (light  solid)  and  the  scattering 
coefficient  (bold  solid). 

The  ^sorption  spectra  for  the  phytoplankton  and  non-phytoplankton  components  are  shown  in 
Fig.  7.  The  magnitude  of  the  adg(X)  coefficients  are  variable  and  estimated  by  the  model  while  the  spectral 
composition  is  a  constant  defined  by  the  input  parameter  for  spectral  slope  of  the  exponential  (Fig.  7a).  The 
shape  of  the  estimated  8^(k)  is  variable  throughout  the  water  column  (Fig.  7b).  In  particular,  the  ratio  of 
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a^456);a^(S32),  indicative  of  the  rdative  concentrations  of  chlorophyll  a  to  accessory  carotenoid  pigments, 
varies  with  depth.  Normalizing  the  spectra  to  the  red  chlorophyll  a  peak  (67o  nm)  allows  the  effiscts  of 
pigment  composition  and  pigment  packaging  to  be  qualitatively  assessed  (Fig.  7c).  There  is  a  decrease  in 
the  blue  to  red  absorption  peak  ratio  of  a4(X)  as  well  as  the  suggestion  of  flattening  of  the  blue  absorption 
peak  that  increases  from  the  surface  relative  to  12  m. 


Fig.  7.  Spectral  absorption  coefficients  for  the  non-phytoplanktonic  (a),  and 
phytoplanktonk  (b),  components  at  the  depths  shown  in  Fig.  4.  (c)  Phytoplankton 
absorption  spectra  normalized  to  the  chlorophyll  a  peak  at  676  nm. 
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The  single  scattering  albedo,  cOo,  was  calculated  from  the  ratio  of  scattering  to  attenuation 
coefficients  (Fig.  8a).  The  value  of  (Oo  ranged  from  0.7  to  0.8  with  the  largest  variations  occurring  beneath 
the  subsur&ce  phytoplankton  maximum.  The  smallest  variability  was  observed  in  the  upper  4  m,  coincident 
with  the  mbced  layer  (P.  Donaghay,  pers.  comm.).  The  mixed  layer  was  also  characterized  by  generally 
larger  (Oo  values  of  0.8. 

The  ratio  of  Sag  to  also  exhibited  the  largest  vari^ility  below  the  mbced  layer  and  below  the 
subsurface  phytoplankton  maximum  (Fig.  8b).  Within  the  mixed  layer  the  non-phytoplanktonic  component 
of  absorption  decreased  from  the  surfrice  to  the  depth  of  the  subsur&ce  aag  maximum  at  4  m. 


®o  a^g-a^ 
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Fig.  8.  Vertical  distribution  of  (a)  Oo  =  b(456);C(456)  and  (b)  a^ia^  at  456  nm. 
Horizontal  dashed  lines  as  in  Fig.  4. 


4.  CONCLUSIONS 

The  absorption  coefficients  determined  in  situ  and  in  the  spectrophotometer  were  in  good 
agreement  within  the  observed  range  of  natural  variability.  The  dominant  absorbers  were  phytoplankton 
which  appear  to  be  very  patchy  in  their  horizontal  distribution  and  lead  to  the  factor  of  4  variation  in  a. 
However,  the  relationship  between  a^Mc  and  a  suggests  that  there  is  closure  between  the  two 
methodologies.  This  phenomenon  is  not  always  observed^.  Perhaps  the  difference  can  be  accounted  for  by 
the  improved  design  of  the  in  situ  instrument  and  in  the  improved  spectrophotometric  methodology'. 

The  absolute  range  in  scattering  coefficients  was  found  to  be  only  a  fiu:tor  of  two  throughout  the 
water  column  and  thus  the  relationship  between  measured  and  modeled  scattering  coefficients  should  not  be 
considered  proof  of  closure.  However,  that  the  two  estimates  of  scattering  are  generally  within  the  observed 
natural  variability  and  the  methodological  error  is  very  encouraging  for  future  closure  approaches.  An 
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obvious  next  step  in  this  analysis  would  be  to  determine  to  what  degree  changes  in  the  scattering  coeffici^ 
can  be  attributed  to  changes  in  the  concentration  of  particulate  material  or  to  changes  in  the  size  distribution 
of  particulate  material'  ^ 

The  scattering  and  attenuation  coefficients  were  observed  to  be  approximately  flat  across  the 
spectrum  as  would  be  expected  for  the  polydisperse  particle  population  observed  in  these  waters". 
However,  at  depths  characterized  by  the  largest  absorption  coefficients,  features  were  observed  in  the  b  and 
c  spectra.  These  were  most  likely  due  to  anomalcxis  dispersion  and  diffiaction,  a  phenomenon  which  has 
been  recently  modeled  for  phytoplankton-dominated  particle  populations  as  was  observed  in  this  study'^. 
These  results  indicate  that  the  effects  of  strong  absorption  coefficients  caimot  be  ignored  in  the  modeling  of 
spectral  attenuation  and  scattering  coefficients. 

Bio-optical  models  very  often  assume  that  phytoplankton  covary  with  other  pigmented  or 
suspended  materials  in  order  to  estimate  chlorophyll  concentrations"  or  lOPs".  While  this  covariance  may 
be  true  to  a  first  approximation,  it  has  been  shown  that  indicators  of  phytoplankton  biomass  such  as 
absorption  coefficients  or  chlorophyll  concentration  are  not  good  predictors  of  lOPs  in  vertical  profiles"  or 
over  large  geographic  regions".  Results  from  this  study  indicate  the  lack  of  coherence  between 
phytoplankton  absorption  and  other  absorbing  componems  or  between  non-phytoplanktonic  absorption  and 
scattering  occurs  even  over  centimeter  scales  as  a  function  of  depth.  This  non-covariance  may  be  reflecting 
variations  in  the  concentrations  of  the  components  with  depth  or  variations  in  the  absorption  and  scattering 
efficiencies  of  the  components  with  depth.  Because  the  direct  measurement  of  lOPs  is  now  possible  in  situ, 
in  particular  spectral  scattering  coefficients,  better  modds  can  be  devdoped  that  do  not  assume  covariance 
between  the  components. 

The  ability  to  separate  the  lOPs  into  contributions  by  functional  groups  increases  the  utility  of  the 
in  situ  instrumentation.  Small  scale  features  in  the  vertical  profiles  of  the  lOPs  can  be  attributed  to  specific 
functional  groups  such  as  phytoplankton,  non-phytoplanktonic  particles^  and  dissolved  material.  Further,  the 
spectra]  resolution  of  the  in  situ  instruments  is  sufficient  to  t^serve  changes  in  phytoplankton  absorption 
spectra  over  very  small  spatial  scales.  Changes  in  pigment  composition  and  pigment  packaging,  associated 
with  photoadaptation,  were  observed  over  the  euphotic  zone  in  this  study.  In  combination  with  high 
resolution  fluorometric  instrumentation",  these  changes  could  be  used  in  the  future  to  investigate  small- 
scale  variations  in  the  physiological  status  of  phytoplankton  populations  in  the  ocean. 

The  values  of  (d„  were  consistent  with  those  measured  by  Petzold"  for  San  Di^o  Harbor  water, 
although  the  values  of  a  and  b  observed  in  East  Sound  were  a  fiurtor  of  two  larger.  Within  the  vertical 
profile  of  o)<,  is  the  suggestion  of  structure  related  to  photoadaptation  in  the  phytoplankton  absorption 
coefficient.  The  general  decrease  in  roo  with  depth  in  the  nuxed  layer  in  the  presence  of  rdativdy  invariant 
absorption  coefficients  demonstrates  that  the  absorption  efficiency  per  scatterer,  in  this  case  phytoplankton, 
increases  with  depth.  This  observation  is  consistent  with  the  phytoplanktonic  photoadaptive  response  of 
increased  pigment  absorption  with  depth. 

The  spatial  scales  of  the  small  scale  structures  and  the  magnitude  of  the  variability  in  the  lOPs  were 
found  to  be  rdatively  constant  throughout  the  water  column,  with  the  exception  of  the  large  subsurfiKe 
maxima  in  at  5  m  and  in  adg  at  4  m.  This  indicates  that  the  fine  structure  in  lOPs  is  independent  of 
concentration  of  the  components,  and  further  that  physical  processes,  as  opposed  to  biological  processes, 
are  the  likely  sources  of  tiie  observed  variability.  In  the  case  of  biological  processes,  such  as  local  growth, 
the  variability  would  be  expected  to  scale  as  a  ffinction  of  the  concentrations  of  the  biological  components. 
In  order  to  improve  the  understarxling  of  the  biological  and  phyncal  forces  that  lead  to  the  devdopmoit  and 
maintenance  of  fine  scale  structures  in  the  ocean,  simultaneous  measurements  of  physical,  optical  and 
biological  parameters  on  highly  resolved  spatial  scales  is  required^. 
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ABSTRACT 

A  model  has  been  developed  to  Investigate  the  influence  of  the  subsurtace  chlorophyll  profile  on  the  compile 
spectral  water-leaving  radiance  (ocean  color)  from  400  -  700  nm.  The  spectral  reflectivity  of  vertical  chlorophyll  layers  is 
modeled  and  coupled  with  the  spectral  incident  irradlance  at  the  sea  surface.  Model  results  indicate  similar  water-leaving 
radiance  signatures  can  be  obtained  from  different  subsurface  chlorophyll  profiles.  This  model  provides  an  interpretation 
of  remote  sensing  ocean  color  signatures  and  possible  subsurface  rtructure. 

The  inherent  opticai  properties  of  the  backscatter  and  absorption  coefficient  which  are  d^ermined  from  the 
vertical  cNorophyll  profile  for  Case  I  waters'  are  used  to  calculate  the  subsurfeice  spectral  reflectivity  at  layer  depths. 
Subsurface  reflectivity  models  are  coupled  with  an  atmospheric  model  ‘  of  the  incident  solar  irradlance  spectrum.  The 
atmospheric  irradlance  model  was  run  for  different  doud  cover  and  different  optical  depths  (ozone,  aerosol).  The  coupled 
model  resdts  compute  the  remote  sensing  color  spectrum  (upweiling  radiance)  at  the  sea  surface.  The  study  shows  the 
effect  of  a  varying  chlorophyll  maximum  depth  and  Intensity  on  the  upweiling  radiance  distribution  and  the  ocean  color 
signatures. 


1.  INTRODUCTION 

In  the  open  ocean,  where  the  optical  properties  are  driven  largely  by  absorption  from  cNorophyll  concentration, 
the  residing  ocean  color  spectrum  at  the  sea  surfeice  is  affected  by  the  vertical  profile  of  the  cNorophyll  structure. 
Previous  investigations  have  shown  that  non-uniform  profiles  influence  the  Uue  -  green  upwelied  radiance  ratio  at  the  sea 
surfcice  The  Nue  -  green  ratio  is  used  In  remote  sensing  algorithms  to  estimate  cNorophyll  concentration.  Ocean  color 
imagery  from  the  Coastal  Zone  Color  Scanner  for  example  has  been  used  to  determine  the  cNorophyll  pigment 
concentration*'^;  results  are  based  on  the  integrated  cNorophyll  concentration  in  the  first  attenuation  depth  *.  The  vertical 
cNorophyll  proffle  can  change  significantiy  in  the  first  attenuation  length  *.  The  cNorophyll  maximum  acts  as  a  strorrg 
absorbing  layer  that  occurs  at  different  depths  *  and  significantiy  Influences  the  ocean  color  spectrum  especially  when 
it  is  located  within  the  first  attenuation  length  Gordon  *  examined  the  effect  of  non-uniform  cNorophyll  profiles  on  the 
reflectivity  at  440  and  550  nm.  Gordon's  Improved  bio-opticai  algorithms  were  modeled  using  Monte  Carlo  simulations 
in  which  he  observed  differences  in  surface  reflectivity  between  the  non-uniform  cNorophyll  and  the  depth  averaged 
cNorophyll  to  be  of  the  order  of  20-25%. 

Both  the  proximity  of  the  layer  to  the  surface  and  the  Intensity  of  the  cNorophyll  maximum  layer  affect  the  color 
spectrum  sensed  at  the  surface.  Gordon  and  Clark  *  speculated  that  an  intense  cNorophyll  concentration  occurrkig  just 
under  the  surface  can  be  estimated  to  have  a  similar  Nue  green  radiance  response  as  a  uniform  cNorophyll  profile  d 
lower  concertfration  such  that  the  integrated  cNorophyll  is  the  same.  However,  we  are  not  certain  how  the  complete 
visINe  spectrum  responds  to  the  non-unHorm  cNorophyll  profile. 
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Besides  the  spectral  reflectivity  within  the  water,  the  ocean  color  Is  Influenced  by  the  incident  intensity  and 
spectrum  of  the  solar  irradiance.  This  incident  solar  spectrum  Is  reflected  at  different  layers  as  it  penetrates  the  water 
column  and  is  scattered  to  the  surfeice.  The  visible  solar  irradiance  intensity  and  spectrum  are  influenced  by  the  aerosol 
and  ozone  optical  depths  and  the  percentage  of  doud  cover 
The  objective  of  this  paper  is  to  detemnine  the  effect  of  the  cNorophyll  profile  on  the  color  spectrum.  A  two  flow  layer 
reflectance  nrKXlel  based  on  non-uniform  chlorophyll  profile  aixi  varying  solar  irradiance  wRI  be  used  to  show  the  resulting 
remote  sensing  reflectance  and  upweliing  radiance  fr^om  400  -  700  nanometers  at  5  nm  intervals.  The  effort  is  aimed  at 
determining  whether  unique  solutions  to  the  non-uniform  cNorophyll  structure  arKi  solar  irradiance  can  be  extracted  from 
the  ocean  color  spectrum.  The  results  are  intended  to  locate  additional  visiNe  regions  that  can  be  used  to  define  the 
vertical  chlorophyll  structure.  These  results  will  provide  improved  interpretation  of  ocean  color  spectra  that  can  originate 
from  subsurfcice  structure  and  will  enhance  our  understanding  of  satellite  ocean  color  imagery. 

2.  MODELS 

The  formulation  of  the  vertical  cNorophyll  model  is  based  on  discrete  chlorophyll  concentrations  within  distinct 
layers.  For  each  layer  the  spectral  irradiance  reflectance  defined  as  the  ratio  of  upweliing  to  downweiling  irradiance, 
is  computed.  We  have  taken  the  reflectance  relationship: 

R;,=  0.33  bj,  /  a^  1 

for  Case  I  waters  with  small  absorption,  aj^,  compared  to  the  backscattering,  b;^,  .  Following  the  work  of  Morel  \  where 

a  =  M  Kd,  the  layer  reflectance  can  be  computed  as: 

R,=  (0.33  /  m)  (  b,  /  KdJ  2 

where  the  mean  cosine,  n  is  computed  by  iteration  V  Using  this  relationship.  Morel,  showed  that  b^  and  Kd,^  can  be 
empirically  related  to  the  chlorophyll  concentration,  Chi,  by: 

bi  =  0.5  bWi  +  0.3  *lCN'D.62[0.002+0.021(.5-.25  log  CN)*  (550/X)J  3 

and 

Kd,  =  Kw, +  X.,Chr.,  4 

(see  MorN^  for  symbols) 

From  these  equations  the  R;^  can  be  computed  for  each  layer  in  a  cNorophyll  proffie  in  addition  to  the  inherent  and 
apparent  optical  properties. 

To  model  the  upweliing  radiance  (ocean  color,  LxiJ,  the  R^^  is  coupled  to  the  solar  irradiance  at  the  sea  surface, 
Edu,  and  penetrated  to  depth,  z  by: 

Lu^  =  {Rix  *  /  0  }  +  {Lu,^.„  exp^}  5 

In  this  study  0  which  is  the  ratio  of  the  downweiling  radiance  to  upweliing  radiance,  is  assumed  to  be  although  it 
is  recognized  that  this  parameter  changes  with  both  wavelength  and  depth.  Further  investigations  are  required  to  improve 
this  estimate. 

The  remote  sensing  reflectance,  R,^  is  computed  as  the  summed  upweliing  radiance  reaching  the  surface  (eq. 
5)  divided  by  the  downweiling  irradiance: 

R™ji  =  LUio-  /  Edjo.  6 


The  total  R,^  computed  in  this  way  Is  very  much  dependent  on  the  vertical  resolution  of  the  cNorophyll  profle 
Increments.  We  use  a  layer  increment  of  5  m  in  this  model  to  approximate  In  situ  measurements. 

The  solar  spectral  Irradiance  at  the  sea  surface,  Edj,o>  Is  approximated  using  a  nfxxjified  model  originally 
developed  by  Bird^  '^.  Bird's  model  has  been  rrKxJified  to  include  doud  cover  estimates  and  aerosol  optical  thickness 
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from  CZCS  La,7o  data.  The  model  utilizes  coincldem  monthly  climatological  databases  as  inpias  for  percent  doud  cover, 
aerosol  concentration  and  ozone  concentration  to  compute  the  solar  spectrum.  For  a  specific  time,  latitude  and  longitude, 
the  direct  dear  sky  irradlance  (l.e.  the  solar  contribution)  as  given  by  Bird®: 


where  is  the  extraterrestrial  spectral  irradlance,  T,,  T^,  1.,^  and  are  the  transmittance  functions  for  Ra^^eigh 
scattering,  aerosol  extinction,  ozone  absorption,  water  vapor  absorption,  and  urHformly  rdxed  gas  absorption,  respectively. 
Next,  the  diffuse  irradlance  term  is  computed  as  a  furxition  of  the  percent  doud  cover.  The  total  Irradlance  at  the  sea 

surface  is  the  sum  of  the  direct  and  the  diffuse  components. 

A  schematic  of  the  model  showing  the  interaction  of  the  chlorophyll  profile,  layer  reflectance,  sdar  Irradlance 

and  the  upwelling  radiance  is  presented  in  figure  1. 


Layer  Reflectance  Model 


ijHH  ■  ' 


Aimoaptaric  Laym 


Air-SM 

lnt«rf«cA 


Bonom 
'V'  n*ri>rti>ip< 


Figwre  1  -  Model  interaction  of  non-uniform  layer  reflectance  vdth  sdar  irradiance  and  upwelling  radiance. 


The  depth-weighted  chlorophyll  concentration  {CN}  to  a  depth  of  one  attenuation  length  (z«^  penetration  depth), 
for  a  non-uniform  profile  as  computed  by  Gordon  and  dark*: 


{chi}- 


8 


where: 

f,-exp 


Here  the  depth  Integrated  cNorophyll  of  the  non-uniform  proHe  is  assumed  equal  to  the  depth  Integrated  chlorophyll  d 
a  uniform  profile.  The  upwelling  radtance,  Lu^  at  the  surtace  has  been  used  to  estimate  the  sateHIte  weighted  chlorophyll 
concentration  [CN]  using  ratios  of  3  blue  green  channels  *: 

[CW]  =  1.12979  *  {Lu443/Lu550}  ^  -1.71  for  cN  <  1.5  mg/m*  10 

(CWJ  =  3.32659  *  {Lu520/Lu550}  ''  -2.44  for  cN  >  1.5  mg/m’  11 
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The  [Chi]  computed  from  the  model’s  upweHIng  radiance  (eq.  5)  is  compared  with  the  depth-integrated  {CM}  to  compute 
the  error.  This  error  can  be  attributed  to  inaccuracies  in  the  coefficients  of  equation  10  and  11  and  toiconstetendes  of 
these  coefficients  with  Morel's  equation  4  since  these  relationships  were  empirfc»lly  determkied  from  different  data  sets. 

3.  RESULTS 


The  following  results  used  the  solar  Irradiance 
spectra  shown  in  figure  2  The  parameters  used  to 
compute  the  3  atmospheric  types  are  shown  in  the  table 
below.  The  three  atmosph^  types  used  represent 
average  conditions  in  the  Western  Mediterranean  (i).  cloud 
dominated  in  the  North  Atlantic  00  and  elevated  aerosols 
off  the  African  OiO-  All  solar  irradiance  spectra  were 
generated  at  1300  hours  for  mid  January  1979.  The 
differences  in  intensity  and  spectral  response  are  assumed 
to  be  largely  the  response  of  the  douds  cover  and  the 
aerosol  concentration.  Note  the  irradiance  spectrum 
corresponding  to  high  doud  coverage,  is  lower  and  has  a 
more  diffuse  spectral  response  than  the  other  two  spectra. 
As  has  been  shown  the  aerosd  concentration  has  a 
stronger  influence  in  the  shorter  than  in  the  longer 
wavelengths. 


atmospheres. 


Table  1.  -  Parameters  Used  for  Solar  Irradiance  Atmospheres 


Atinoaphere 

Typ# 

Hour 

AfiQfltroiii 

wOOTIGIOTI 

Aeroaol-  LaOTO 
(/iW/cni^'** 

Oaona 

Dobaona 

Cloud  % 

1  -  W.  Med. 

1300 

0.0 

0.61 

304 

41 

II  -  N.  Atlantic 

1300 

0.0 

0.19 

341 

76 

III  -  African  Coast 

1300 

0.0 

1.26 

316 

36 

First  using  atmosphere  type  I,  we  examined  the  spectral  and  upweiling  radiance  for  unifonn  cNorophyll 
profies  (5  m  layers)  ranging  from  0.03  to  5  mg/^  (figure  3  and  4).  The  hinge  point  at  ~520nm  is  dearly  shown  at  low 
concentrations  (  <  1  mg/m^  with  a  spectral  shift  to  ~560nm  at  higher  concentrations  (5  mg/m^.  The  shape  of  the 
upweiling  radiance  (figure  4)  at  the  sea  surtace  is  simlar  to  the  reflectance  spectra  (figure  3)  above  460  nm,  but  is  different 
in  the  blue  spectrum.  The  peak  of  the  upweNing  radiance  (figure  4)  shifts  from  450  nm  to  490  nm  wtth  increasing 
cMorophyN  concentrations  (  <  1  mg/m^.  The  noticeable  decrease  from  the  peak  to  the  shorter  wavelengths  (450  to  400 
nm)  is  attributed  to  the  rapid  dedine  In  solar  irradiance  intensity. 
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UNIFORM  CHLOROPHYLL  PROFILE 


UNIFORM  CHLOROPHYLL  PROFILE 


chlorophyll  profiles  of  varying  concentration.  profiles  of  varying  concentration. 


A  non-untform  chlorophyll  profile  was  selected  from  a  data  set  In  the  Oran/Almerla  front  In  the  Western 
Mediterranean  in  Oct,  1986  having  a  maximum  concentration  (chl,^  )  of  1.3  mg/m’*  at  25  m  (figure  5).  The  layer 
reflectance  (figure  6)  shows  the  hinge  point  at  520  nm.  Tlie  cN,^  at  25  meters  has  the  "darkest*  reflectance  of  all  the 
layers  at  wavelengths  less  than  520  nm  and  the  brightest  reflectance  at  wavelengths  greater  than  520  nm.  The 
downweHIng  and  upwelling  radiance  at  each  depth  layer  are  shown  in  figures  7  and  8.  Comparison  of  the  depth-weighted 
cNorophyll  concentration  of  0.361  mg/m,  from  the  pixrffle  to  the  chlorophyll  concentration  computed  from  the  blue  green 
ratio  (0.275)  indicates  an  error  of  23.9  %  . 


Figure  5  -  Chlorophyll  profile  at  the  Oran/Aimeria  Front-  Figure  6  •  Layer  reflectance  for  0/A  profile. 
Western  Mediterranean.  Penetration  depth  at  490  nm  is  17 
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Figure  7  -  Downwelling  irradiance  for  0/A  profile.  Figure  8  -  Upweiling  radiance  for  0/A  profiie. 


The  influence  that  the  depth  of  the  chl^  has  on  the  color  spectrum  is  shown  through  a  sequence  of  model  runs 
where  this  layer  is  migrated  from  20  m  to  the  surface  at  S  meter  increments  (figure  9).  Note  that  the  intensity  of  the  chl^ 
is  fixed  at  1.3  mg/m^  and  that  the  depth-weighted  cNorophyli,  {CHL}  changes  for  each  proffle  from  0.452  mg/m^  @  20 
m  to  0.677,  0.965, 1.092  to  0.782  at  the  surface.  The  resting  surtace  upweiling  radiances  (figure  10)  shows  that  at  15 
m,  the  ‘dark*  chlorophyll  layer  is  not  strongly  affecting  the  surfece  ocean  color  and  highest  upweiling  radiances  are 
observed.  As  the  chl„,„  is  shifted  up  to  15  and  10  meters,  a  corresponding  decrease  in  the  upweiling  radiance  is  obsen/ed. 
(Note  also  the  spectral  peak  of  the  radiance  increases  to  longer  wavelengths  and  a  hinge  point  occurs  at  540  nm.)  This 
decrease  in  upweiling  radiance  is  proportional  to  the  increase  in  depth-weighted  chlorophyll.  As  the  chl,„„  reaches  the 
surface,  an  increase  in  the  radiance  occurs.  Here,  the  surface  radiance  intensities  at  490  nm  (the  crest  of  the  spectra) 
are  equal  to  the  radiance  intensities  when  the  cN,p„  is  at  10.  However,  differences  do  occur  In  the  spectrum  both  in  the 
blue  and  red.  Note  that  the  radiance  increase  is  directly  proportional  to  the  decrease  in  {CN}  (0.782)  observed  when  the 
chl„,„  reaches  the  surfece. 


tbe  CN.,^  to  surtace. 


depths. 
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Figura  11  -  Uniform  and  non-unHbrm  profile  for  surface  Figure  12  -  Uniform  and  non^niform  chlorophyll  proHes 
chlorophyll  maximum.  (Chl^  at  10  m). 


The  shape  of  the  upwelling  radiance  was  compared  between  the  non-uniform  proNe  and  a  uniform  profle. 
According  to  equation  8*.  a  uniform  profile  with  a  defXh-weighted  chlorophyll  concentration  {CHL}  equal  to  a  depth- 
weighted  cNorophyll  concentration  from  a  non-unHorm  profle  should  have  a  simlar  water-leaving  radiance  spectrum.  The 
profle  with  a  surfece  cNorophyll  maximum  of  1 .3  mg/m^  and  decreasing  with  depth  was  used  in  deterrNning  the  surface 
upwelling  radiance  in  figure  1 1 .  The  depth-weigNed  cNorophyH  concentration  of  0.783  mg/m‘‘  from  this  profle  was  used 
to  derive  the  upwelling  radiance  spectrum  for  a  uniform  profle  with  the  same  cNorophyll  concentration.  Figure  1 1  shows 
differences  in  the  two  spectra,  with  the  upweliing  radiance  from  the  uniform  profle  being  generally  greater  for  wavelengths 
shorter  then  520  nm.  Notice  that  at  550  and  443  nm  the  nxliance  values  are  simlar  and  form  the  basis  for  using  the  Nue 
green  ratio  to  estimate  {CHL].  In  this  profle  the  uniform  spectrum  exceeded  the  non-uniform  spectrum  in  the  shorter 
wavelengths. 

Additional  profiles  for  a  cN^  of  1.3  mg/m’  at  10  m  were  used  to  determine  the  depth  weighted  cNorophyll 
{CHL}  of  0.969.  The  upwelling  radiance  from  a  uniform  cNorophyll  at  this  concentration  are  shown  In  figure  12.  Here  the 
uniform  profle  underestimates  the  radiance  spectrum  In  the  shorter  wavelengths  (<520  nm).  The  peak  of  the  two  spectra, 
at  ~490nm  shows  a  20%  difference.  The  spe^ra  are  linked  crt  the  hinge  point  at  520,  but  dearly  differences  in  the  spectra 
wll  always  occur.  These  spectral  differences  are  associated  with  the  dMfererrces  between  the  uniform  and  non-uniform 
structure.  Ratios  of  the  sp^ra  wll  reduce  the  error  especially  If  they  bracket  the  hinge  point  of  520  nm.  Thus  the  443 
to  550  nm  ratio  is  a  reasonaNe  choice  for  estimating  the  app^mate  cNorophyll  spectrum. 

The  effect  of  the  intensity  of  the  cN,^  on  the  upweliing  radiance  spectrum  is  shown  by  varying  the  concentration 
of  a  fixed  profle  (figure  13).  Concentrations  from  a  profle  with  a  10  m  cN^  figure  9)  were  multipiied  by  1 , 0.75, 0.5  and 
0.25  corresponding  to  chl^  concentration  to  1.3,  0.98,  0.65  and  0.33  mg/m’.  The  strong  decrease  in  the  upweliing 
radiance  corresporKis  to  an  increase  in  cN^  intensity  (figure  13).  For  these  spectra,  the  peak  radiance  shifts  dightly  from 
470  to  485  nm;  however,  note  that  the  sp^ra  remain  constant  at  wavelengths  greater  then  530  nm. 

The  influence  of  the  atmospheric  type,  i,  il,  and  III  on  the  upweling  radiance  is  shown  for  a  non-  unHorm  profle 
with  a  cNorophyll  layer  of  1 .3  mg/m’  at  10  m  (figure  14).  The  solar  irradiance  intensity  is  dearly  observed  in  the  up«^ing 
radiance.  Notice  th^  more  diffuM  sdar  Irradiance  (atm.  type  II)  has  a  comparaNe  diffuse  upwelling  radiance  response. 
The  changes  In  the  spectral  response  between  440  to  460  in  type  I  and  ii  are  observed  in  the  shape  of  the  up^iing 
radiance. 

The  results  of  the  model  runs  used  in  this  paper  are  presented  in  TaNe  2. 
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4.  CONCLUSIONS 

A  modei  has  been  deveioped  to  characterize  the  vertical  layer  reflectance  for  cNorophyll  proflies.  Layer  reflectance 
are  used  with  different  solar  irradiance  spectra  to  determine  the  spectral  upwelling  radiance.  The  modei  assumes  the 
chlorophyll  profHe  can  be  partitioned  into  reflectance  layers  based  on  the  relationship  with  absorption  and  scattering.  The 
depth  re^ution  Of  the  chlorophyll  layers  affects  the  upwelling  radiance  distribution.  The  spectral  shape  of  the  upwelling 
radiance  were  modeled  for  different  vertical  structures  and  were  compared  with  modeled  spectra  for  uniform  chlorophyll 
proflies. 


For  low  cNorophyll  concentration  (<  1  mg/m^,  the  hinge  point  occurs  at  520  nm,  whereas  at  higher 
concentrations,  >5  mg/m^  the  hinge  point  extends  to  560  nm.  The  intensity  of  upwelling  radiance  at  the  surfece  (ocean 
color)  is  shown  to  decrease  as  the  ’dark”  subsurfeice  cNorophyll  layers  migrate  toward  the  surfcice.  The  radiance  intensity 
is  doseiy  coupled  to  the  depth-weighted  cNorophyll  concentration  in  the  first  attenuation  length  *.  However,  the  shape 
of  the  upwelling  radiance  spectra  is  different  for  uniform  and  non-uniform  vertical  structure.  Model  runs  for  a  uniform 
proffle  and  a  non-uniform  cNorophyll  show  that  similar  radiances  at  520  nm  occur,  if  the  depth  weigNed  cNorophyll  {CN} 
is  used  for  the  uniform  proflie.  However,  differences  appear  to  occur  at  other  wavelen^s.  This  suggests  the  depth- 
weigNed  {CHL}  is  not  adequate  for  reproducing  the  complete  upwelling  radiance  distribution.  This  also  suggests  that 
using  the  complete  upwelling  radiance  spectrum  can  provide  improved  estimates  of  the  vertical  structure. 

The  difference  between  the  actual  depth-weighted  cNorophyll  concentration  {CN} .  of  a  non-uniform  proflie  and 
that  computed  based  on  the  ratios  [CN]*  Is  approximately  20-30%  for  different  vertical  structures.  These  appear 

related  to  some  inccnsistendes  in  data  sets  used  In  the  empirical  relationships.  Ratios  of  upweiiing  radiance,  espet^ly 
bracketing  the  hinge  point  of  520  nm  wll  tend  to  minimize  the  differences  previously  discussed  in  the  uniform  and  non- 
uniform  structure. 

As  the  cNorophyll  layer  is  closer  to  the  surface  and  within  the  penetration  depth,  the  model  showed  better 
agreement  between  the  depth-weighted  {CN}  calculated  from  the  profle  arxJ  the  cNorc^yll  estimated  using  the  Uue 
green  ratio  [CN].  However,  if  the  cNorophyll  layer  is  at  the  surfoce  the  model  shows  a  negative  error  ({CN}  <  [CN]). 

In  addition  to  the  locations  of  the  cNorophyll  maximum  layer,  the  Intensity  of  the  cNorophyll  layer  at  depth 
influences  the  upweiiing  radiance  at  the  surfece.  By  changing  the  layer  Intensity  from  1.3  to  0.33  mg/m*  at  10  m,  the 
modeled  upwelling  radiance  was  shown  to  change  in  intensity  and  wavelength. 
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This  represents  a  preliminary  investigation  of  the  spectral  response  of  the  upweliing  radiance  (ocean  coio^  arising 
from  the  vertical  chlorophyll  structure.  Methods  of  understanding  this  complete  spectral  response  are  required  to  define 
the  uniqueness  of  the  upwelling  radiance  spectrum  from  different  vertical  proHes.  Understanding  the  upM^ling  radiance 
spectrum  will  help  interpretation  of  the  remote  sensing  ocean  color  spectrum. 
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ABSTRACT 

In  the  turbid  and  yellow  substance  rich  waters  of  the  outer  OsloQord  the  turbidity  and  the  Secchi  disk  depth  have  been 
successfully  determined  by  remote  sensing,  with  the  TM  channels  of  Landsat  S.  Similar  attempts  to  (tetermine  the  total 
suspended  matter  and  the  beam  attenuation  coefficient  at  520  nm  have  been  less  successful,  and  the  content  of  chlorophyll-a  is 
the  most  difficult  to  estimate,  if  at  all  possible  widi  this  sensor. 

Observations  in  the  green  and  red  parts  of  the  spectrum  give  the  best  correlation.  The  method  requires  that  a  few  6eld 
measurements  and  samples  are  taken,  and  the  constants  of  the  algorithms  will  vary  from  case  to  case.  These  results  and  the 
possible  causes  of  the  variation  are  discussed. 

Established  optical  theory  for  the  backscattering  of  light  from  the  sea  to  the  atmosphere  is  tested  by  optical  measurements.  Tlie 
results  indicate  that  so  far  we  are  not  able  to  predict  the  ratio  between  the  radiance  from  nadir  in  the  sea  and  the  downward 
irradiance  from  given  absorption  and  scattering  coefficients. 

1.  INTRODUCTION 

The  use  of  satellite  remote  sensing  data  for  monitoring  coastal  water  quality  has  until  a  few  years  ago  been  of  limited  extent  in 
Norway.  With  new  satellites  and  airborne  sensors  an  increasing  interest  for  using  such  technology  has  been  established.  TIk 
State  Pollution  Control  Authority  of  Norway  have  tqiplied  this  type  of  data  in  a  few  mcmitoring  projects.  The  present 
investigation  is  part  of  an  on-going  project  between  the  Norwegian  Institute  for  Water  Research  and  the  Department  of 
Geophysics  for  the  optimal  use  of  satellite  data  in  monitoring  water  quality.  The  wcsk  is  based  on  several  monitoring  and  remote 
sensing  projects  executed  in  the  area.  An  important  point  has  been  to  test  the  established  optical  dieory  ctmceming  the 
backscattering  of  light  from  the  sea  to  the  atmosphere. 

The  success  of  estimating  a  water  quality  parameter  from  a  passive  satellite  remote  sensing  signal  dqiends  on  the  relatitm 
between  the  water-leaving  radiance  and  the  watCT  parameter,  and  on  how  precisely  one  can  correct  for  the  atmo^heric 
contribution  to  the  signal.  A  lot  of  woik  has  been  done  to  solve  this  last  problem,  Init  very  little  validation  of  the  different 
"atmospheric  corrections"  seems  to  have  been  made.  And  still  much  work  remains  to  be  done  bef(»e  the  satdlite  radiance  can  be 
transferred  directly  into  information  that  can  be  used  in  long  term  monitoring,  without  the  use  of  ground  truth  data.  In  coastal 
waters  and  Qords  optical  remote  sensing  data  can  relatively  easily  be  used  to  monitOT  wato*  quality  when  combined  with  fidd 
data*.  The  use  of  field  observations  reduces  several  problons  (e.g.  the  atmospheric  contrilnititm)  and  simplifies  the 
interpretation  of  the  satellite  data.  Also  the  combined  approach  of  different  high  (e.g.  Landsat  and  Spot)  and  low  resolution 
(NOAA)  satellite  sensors  will  improve  the  monitoring  in  near  coastal  waters^.  Due  to  the  frequent  cloud  cover  in  the  area  the 
combination  of  several  satellite  sensors  will  increase  the  number  of  available  satellite  data. 

The  main  area  of  investigation  has  been  the  outer  OsloQord,  including  the  Hvaler  archipelago  and  the  north-eastern  part  of  the 
Skagerrak  in  the  south  of  Norway  (Figure  I).  Some  fresh  water  localities  (lakes  and  rivers)  near  the  coastline  which  drains  into 
the  fjords  and  coastal  waters  are  also  included  in  the  investigation.  The  coastal  waters  (case  2)  have  high  and  variable 
concentrations  of  inorganic  suspended  sediments,  phytoplankton  and  yellow  substance,  which  make  the  interpretation  of  the 
reiiKMe  sensing  signals  into  usefril  water  quality  parameters  more  difficult  than  in  offshore  (case  1)  waters.  This  coastal  area  and 
especially  the  Hvaler  archipelago  is  influenced  by  fresh  water  from  the  river  Glomma.  During  the  last  decade  several  toxic  algal 
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Uooms  have  occuned  in  the  Skagenak,  e.g.  the  Chrysocromulina  polylepis  bloom  in  1988^,  and  this  has  focused  on 
improvement  of  the  methods  fm*  monitoring  the  area,  with  the  use  of  oceanic  buoys  and  remote  sensing  technology. 


2.  OBSERVATIONS  AND  METHODS 


2.1  Satellite  observatioiis 

The  satellite  data  used  in  the  investigation  are  firom  the  Thematic  MaiqiCT  (TM)  soisor  onboard  the  Earth  Observation  Satdlite 
Landsat-S,  which  cmsist  of  the  channels  TMl-4  within  the  visiUe  and  near  infrared  part  of  die  spectrum.  The  satellite 
recordings  are  geometrically  and  radimnetiKally  corrected  at  Esrange  in  Kiiuna.  The  calibration  crmstants  of  the  TM  channels 
for  transforing  the  digital  numbos  from  the  CCT  to  satellite  radiance  [  W  m'^  pm'*  sr*]  are  diose  ^^lied  by  Markham  and 
Barker^  and  Epona^. 

The  number  of  pixels  used  for  extracting  the  digital  values  at  die  stations  was  about  S  x  5  fuels.  With  a  pixd  resolution  (d  30  x 
30  m  the  mean  digital  value  will  represoit  an  area  of  about  150  x  ISO  m.  Cmnparison  (d  satellite  data  with  fteki  data  have  been 
perfcnmed  for  6  situations  in  the  period  1986  to  1988,  and  covers  the  seasonal  period  May  to  September. 

22.  Field  observations 

The  field  data  are  collected  frcmi  different  projects  in  the  area  in  the  period  1986-1991.  The  observations  include  the  Secchi  didc 
depth  S,  [m],  and  the  beam  attenuation  coefficient  at  520  nm,  c,  [m'*],  measured  with  a  Martec  transmissometer.  The  vertical 
attenuation  coefficient  of  quanta  irradiance,  k  [m'*],  between  the  surface  and  the  Secchi  disk  defMh,  was  obtained  with  a  U- 
COR  meter.  The  salinity  was  determined  widi  diffoent  salinity  senses.  Water  samples  were  collected  at  the  surface  (0.5  m)  and 
analysed  for  total  suspended  matter,  TSM  [mg/1],  turbidity,  Tuib  {FTU],  chloro^yll-a,  Chl-g  [pg/1],  and  dissolved  coloured 
material  or  yellow  substance,  ay(380)  [m'*].  TSM  was  measured  by  filtration  tmto  a  prewdghted  Nucleopore  filler  (0.4  pm). 
Ttirbidity  was  measured  with  a  Hach  Turbidimeter  and  dUorc^yU-a  with  a  qiectrophotom^c  mediod.  Dissolved  organic 
material  (ydlow  substance)  was  measured  with  a  Pmldn  Elmer  Lambda-5  qiectnqdiotometer  on  water  samples  filtered  through 
glassfiber  filters  (GFF).  The  yellow  substance  content  was  expressed  as  a^380),  and  was  calculated  from  ay(390).  ay(400), 
ay(430),  and  ay(450)  by  means  of  dw  average  relation  given  by  H0jerslev^: 

a,(X)  =  a,(Xo)e-"'’‘^"-^‘ 

where  X  is  the  wavelength  in  nm. 
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3.  RESULTS 


3.1.  Secchi  disk  depth,  turbidity  and  absorption. 

Secchi  disk  depth  is  used  for  both  sea  and  fresh  water  monitoring.  !t  is  a  simple  method  and  can  easily  be  used  by  local 
personnel  and  fish  farmers  to  collect  important  ground  truth  data  for  calibration  of  satellite  data.  It  is  probably  one  of  the  few 
optical  parameters  used  in  routine  monitoring  programs,  and  in  many  inojects  it  is  the  only  parameter  that  gives  any  optical 
information  about  the  water  masses.  The  Secchi  disk  depth  is  influenc^  by  both  particles  and  dissolved  material,  and  is  related 
to  the  water-leaving  radiance,  and  thus  to  the  remote  sensing  signal. 

The  test  area  was  divided  into  6  subareas  where  the  water  was  expected  to  have  different  contents  of  particles  and  yellow 
substance.  Large  differences  in  the  optical  behaviour  of  the  water  masses  will  result  in  errors  if  we  want  to  transfer  or 
extrapolate  an  algorithm  from  one  area  to  another.  It  was  therefore  of  interest  to  test  the  optical  characteristics  of  the  different 
water  types.  The  areas  involved  are: 

1.  North-eastern  Skagerrak 

2.  Outer  Oslofjord 

3.  Inner  Oslofjord 

4.  Singlefjord 

5.  Freshwater 

6.  The  Hvaler  archipelago 

The  Hvaler  archipelago  and  the  outer  Oslo  fjord  are  influenced  by  high  concentrations  of  particles  from  the  river  runoff, 
especially  during  spring  from  April  to  June.  The  annual  mean  water  transport  in  the  Glomma  River  is  approximately  700  m^s, 
but  can  reach  2S00  m  7s.  Smaller  amounts  of  fresh  water  enter  the  area  from  the  Drammens  River,  and  low  saline  water  is 
coming  up  from  the  Baltic  Sea  along  the  Swedish  west  coast.  The  particle  concentration  in  the  area  varies  from  less  than  1  to 
20-25  mgyl  during  spring,  and  the  corresponding  Secchi  disk  depth  from  8- 10  meters  to  less  than  0.5  meter. 

The  Secchi  disk  depth  is  well  correlated  with  the  vertical  attenuation  coefficient  of  the  quanta  irradiance,  k  (Figure  2).  Since  k 
as  a  Hrst  approximation  will  be  a  function  only  of  the  absorption  coefficient,  and  not  of  the  scattering  coefficient,  the  Secchi  disk 
depth  will  thus  give  us  an  estimate  of  the  absorption  of  the  water  mass. 


0.1  1  to 

k 


Figure  2.  The  relationship  between  Secchi  disk  depth  (S)  and  the  vertical  attenuation  coefficient  of 
quanta  irradiance  (k). 


334 /SPI£  Vol.  2258  Ocean  Optics  XII  (1994) 


The  relationship  betweoi  the  Secchi  disc  depth  and  the  amount  of  suspended  material  expressed  as  turbidity  is  presented  in 
Figure  3  in  a  log-log  diagram.  The  mean  values  for  the  inverse  Secchi  disk  depth  are  plott^  against  turbidity  for  the  different 
water  types  in  Figure  4. 

The  turbidity  is  a  measure  of  the  scattoing  properties  of  the  water  mass,  and  dius  of  the  particle  ccmtent,  while  the  Secchi  disk 
depth  r^resents  the  absorption.  The  relationship  between  S  and  Turb,  demonstrated  by  Figure  3  and  4,  indicates  that  although 
the  concentrations  of  the  optical  conqxments  may  vary  from  one  area  to  another,  the  overall  qiecific  optical  inop^ties  remain 
the  same. 


Turb 

Fguie  3.  The  relationship  between  the  Secchi  disk  depth  (S)  and  turbidity  (Turb). 
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Figure  4.  The  relatitmship  between  the  mean  inverse  Secchi  disk  depth  (1/S)  and  die  mean  turbidity  (Turb)  for  different  areas. 
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32.  Yellow  substance  content 


The  variation  of  the  yellow  substance  concentration  in  the  coastal  area  is  shown  as  a  function  of  the  salinity  in  Figure  S.  In  the 
figure  and  Table  1  are  shown  some  typical  values  from  other  neighbouring  water  masses  given  by  Hpjerslev^.  There  seems  to  he 
a  crude  linear  relation  between  the  salinity  and  the  amount  of  yellow  substance  in  the  present  data.  The  typical  values  from  the 
Hvaler  archipelago  and  the  Oslofjord  are  exceeding  the  typical  values  from  both  the  German  Bight  and  the  Baltic  Sea  (Table  1 ). 

Practically  no  correlation  was  found  between  the  dissolved  substances,  given  as  ay(380).  and  the  phytoplankton  (Chl-a)  or  the 
amount  of  particles  (Turb),  but  there  was  a  weak  correlation  between  the  Secchi  disk  depth  and  ay<3^).  High  values  of  ay(380) 
in  the  area  will  reduce  the  upward  radiance,  especially  in  the  TMl  chaimel  and  to  a  smaller  extent  in  the  chaimels  TM2  and 
TM3,  and  the  TMl  should  be  avoided  in  the  algorithms  for  the  water  quality  parameters  S  and  Turb. 

Table  1.  Typical  values  of  yellow  substance,  ay(380),  and  salinity  from  the  investigated  area,  compared  with  data  from  the 
surrounding  seas. 
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Figure  5.  The  relationship  between  yellow  substance,  ay(380),  and  salinity  in  the  surface  wato*  of  the  coastal  area  in  the  north¬ 
eastern  Skagerrak.  Typical  values  from  the  area  and  the  surrounding  seas  are  indicated. 

3J.  Satellite  radiance  and  water  quality  parameters 

The  inverse  value  of  the  Secchi  disk  depth  was  tested  against  the  marine  radiance,  L^,  for  the  four  TM  channels  after  a  first 
order  correction  for  the  atmospheric  radiance  by  using  the  minimum  radiance  in  clear  water  (dark  object  subtraction  technique). 
The  radiance  was  normalized  for  sun  elevation  and  the  sun-earth  distance.  The  correlation  is  strong  in  the  green  (TM2)  and  red 
(TM3)  parts  of  the  spectrum,  but  weakens  towards  the  blue  and  infrared  parts  as  seen  by 
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=  0.137 +0.097 

ij 

=  0.126  +  0.074Ljeaj,^2 
=  0.203 +  0.072Z*seaj,^3 

i3 

—  =  0.254+0.181Ljeaj.j^4 
S 


r2  =  47  %  N  =  88 

r2  =  76%  N  =  88 

r2  =  85  %  N  =  88 

r2  =  42  %  N  =  88 


The  upward  radiance  from  the  sea  will  depend  on  both  the  absorption  and  the  scattering  coefficients  (see  cli^.  4),  while  the 
Secchi  disk  depth  in  these  waters  seems  to  be  primarily  a  function  of  the  absorption.  The  absorptimi  in  the  blue  part  of  the 
spectrum  due  to  chlorophyll-^  and  yellow  substance  will  then  influence  the  Secchi  disk  depth  more  than  the  satdlite  signal,  and 
this  could  explain  some  of  the  weaker  correlatirm  for  the  TMl  chatmel.  The  radiance  sigrtal  for  the  near  infrared  channel  TM4 
will  come  from  only  a  thin  layer  in  the  surface  (high  water  absorption),  which  can  explain  smne  of  the  weaker  correlation. 
Water  absorption  in  the  atmosphere  will  also  be  more  dominant  in  this  channel. 

Experiences  from  measurements  of  the  spectral  distribution  of  the  upward  radiance  in  this  area  have  shown  that  the  radiance 
obtains  its  maximum  values  in  a  l»oad  spectral  band  between  api^ximately  SSO  and  650  run^  The  satellite  signal  from  TM2 
and  TM3  will  approximately  cover  the  spectral  range  from  520  to  690  nm.  In  view  of  this  and  the  strong  correlatitms  for  dtese 
chaimels  given  above,  we  have  chosen  to  use  the  mean  radiance  Lseai^3  of  the  two  chatmels.  Within  the  the  range  of 
measurements  the  inverse  Secchi  disk  depth,  1/S,  frts  a  linear  frmcfion  of  the  mean  satellite  radiance; 

=  0.l53+0.014Lsearu2i  r^  =  83  %  N  =  88 

ij 


Figure  6  shows  the  observed  values  of  S  from  the  six  cruises  as  a  functitm  of  Lsear)^3,  aftn-  a  first  OTder  correction,  together 
with  the  average  relaticm  given  above. 


0  4  8  12  16  20 
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Figure  6.  Observations  trf'  the  Secchi  disk  depth  S  and  the  mean  ntmiialized  radiance  LsearM23>  ^4  the  average  relation 
between  the  quantities.  Lsea^23  corrected  for  the  clear  water  radiance. 
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This  relation,  togedier  with  at  least  two  good  recordings  of  the  Secchi  didc  dqNh  from  the  area  at  the  actual  date,  covering  as 
large  a  part  ctf  the  gradient  as  possible,  can  be  used  to  estimate  die  Secchi  disk  depdi  with  a  sadsfrctory  resolution  and 
accuracy. 

Also  the  turbidity  was  tested  against  the  marine  radiance.  Since  die  turbidity  rquesenis  scattering  in  die  red  part  of  the 
spectrum,  only  the  TM3  chaimel  was  used.  The  mean  relation  between  the  turl^ty  and  the  radiance  Lsea|^3  is  given  by: 

r«r6  =  0.521 +0.397 r2=84%  N  =  88 

As  for  the  Secchi  disk  depth  the  relation  above  should  be  used  together  with  a  few  field  measurements  to  adjust  for  the 
atmospheric  contribution.  Hgure  7  shows  an  example  whtfe  estimated  turbidity  is  compared  with  observed  values.  The  values 
estimated  by  the  relation  above  have  been  adjusted  by  a  mean  A  Ttirb  in  order  to  obtain  the  best  fit  with  the  observations. 


Figure  7.  Observed  and  estimated  turbidity  for  some  stations  in  the  outer  OsloQord  and  the  Hvaler  archipelago  at 
August  1, 1988. 

The  correlation  between  the  total  suspended  matter,  TSM,  and  the  radiance  from  TM3  was  found  to  be  much  weaker  than  kir 
the  turbidity.  One  explanation  may  be  that  the  TSM  also  includes  the  organic  material  (e.g.  phytoplankton)  which  has  a  lower 
reflectance  than  the  inorganic  material.  The  Secchi  disk  depth  was  also  better  correlated  with  die  turbidity  than  with  the  TSM. 
Tests  for  the  attenuation  coefficient  c  at  520  ran  show  even  weaker  cmrelation  with  the  satellite  radiance. 

For  chlorophyll  similar  tests  were  performed,  and  in  some  extreme  situations  with  high  Chl-A  concentrations  good  correlations 
(r^  =  80-90  %)  could  be  found  with  a  combination  of  several  TM  channels  and  channel  ratios.  However,  no  gaieral  telationdiip 
could  be  established.  The  offset  and  slope  in  the  algorithm  will  vary  strongly  from  case  to  case,  and  attempts  to  determine  C3il-fl 
from  the  TM  radiance  can  only  be  recommended  in  areas  with  low  contents  of  inorganic  suspended  material  and  yeBow 
substance.  This  will  limit  the  use  to  some  Qords  and  inland  waters  where  those  factors  can  be  controlled  by  field  measurements. 
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4.  THEORETICAL  RELATIONSHIPS 


By  expressing  the  iiradiance  ratio  R  as 


where  Ey  is  upward  irradiance,  Ej  downward  iiradiance,  b},  the  backward  scattering  coefficient,  a  the  absorption  coefficient  and 
f  a  dimensirailess  quantity^,  and  introducing 

Q=^  m 

where  Ly  is  the  radiance  fiom  nadir  in  the  sea,  it  becranes  possible  to  write 

(3) 

E,  E^E,  Q  Qa 

^  f 

It  has  often  been  assumed  that  Ly  should  be  prtqxirsjcmal  to  the  ratio  — ,  which  requires  that  E^  and  the  ratio  —  are  ccmstanL 

a  Q 

We  have  no  direct  observations  of  b|)  and  a,  but  as  substitutions  we  have  applied  the  turbidity  and  the  Secchi  disk  dq>th. 

One  of  the  many  obtained  results  during  the  project  is  that 


S  =  -0.043+- 


r2  =  90%  N=126 


where  k  is  the  vertical  attenuation  co^ficioit  of  the  quanta  irradiance  between  the  surface  and  the  Secchi  disk  depth.  By 

assuming  that  —  is  proportiraial  with  —  it  may  be  expressed  as 

a  k 

—  «=  +  i4,S  (5) 

a 

where  Aq  and  A}  are  ctmstants.  Another  assumed  proportionality  could  be 


=  BQ  +  BiTurb 

where  Bq  and  B^  are  craisunits.  (3)  can  then  be  written 


A)Bo  +  +  A^Jurb  +  A^B^STurb] 

Ej  Q  a  Q 

=  Q + C,S + CJ'urb + C^STurb 


In  diis  expression  the  Cs  are  constants,  provided  —  is  constant 
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Fot  the  six  cniises  the  results  were 


Lseorttzs  =  3.82-0.39S  +  L98rMr6-0.55SrMrfr  r2  =  86  % 

N  =  88 

(8) 

LseOruzi  -  0.54 l.96Turb  r^  =  81  % 

N  =  88 

(9) 

It  is  seen  that  the  equatitm  (8),  based  on  physical  reasoning,  does  not  improve  signifkandy  die  correlation  with  the  satellite 
radiance,  as  compared  with  the  single-component  relation  (9). 

By  introducing 

'  b 

(10) 

and 

c  =  a+b 

(11) 

where  b  is  the  scattering  coefficient,  (3)  becomes 


hL^£lb^flc_ 
Q  a  Q  a 


(12) 


Substitution  of  —  Grom  (S)  gives  the  relation 

a 

—  Dq  +  DtC + D2CS  (13) 

However,  it  was  found  that  (13)  gave  no  better  correlation  than  relations  with  only  one  independent  variable.  We  think  that  the 

/ 

lack  of  success  for  (8)  and  (13)  may  be  due  to  significant  vaariations  in  the  ratio  . 


5.  CONCLUSIONS 

We  have  shown  that  the  combined  use  of  TM  data  from  the  green  and  ted  parts  of  the  spectrum  and  a  few  fiekl  measurements  of 
Secchi  disk  depth  or  turbidity  can  produce  reasonably  good  water  quality  Wormaticm.  The  radiometric  sensitivity  and  the  broad 
spectral  band  width  of  the  TM  channels  will  limit  die  number  cX  parameters  that  can  be  determined,  but  in  coakal  waters  with 
high  amounts  of  suspended  material  such  satellite  data  will  be  useM. 

The  State  Pollution  Control  Authority  has  developed  a  classification  system  where  the  Secchi  disk  depth  is  one  of  many 
parameters  used  to  classify  water  quality.  It  is  our  opinkm  that  both  Secchi  disk  depth  and  turbidity  determined  from  remote 
soising  can  be  used  in  this  context,  and  that  it  will  improve  the  monitoring  in  coastal  waters. 

Our  attempts  to  estimate  total  suspettded  material  from  the  satellite  signals  were  someti^iat  less  successful,  probably  because  the 
TSM  is  not  an  optical  quantity.  Pbr  the  chlorophyll  content  it  was  not  possible  to  obtain  any  goieral  relatioiiship  at  all.  We  think 
that  widi  the  present  satellite  sensors  chlorophyll  in  coastal  waters  can  only  be  estimated  in  very  q)ocial  cases. 

The  tests  of  relations  between  the  satellite  radiance  and  different  optical  quantities  based  on  optical  theory  did  not  give  any 
significant  better  correlation  than  the  more  simple  statistical  relationships.  The  most  plausible  explanation  may  be  that  the  ratio 
lA}  is  not  as  constant  as  assumed,  but  varies  considerably  in  these  waters. 
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ABSTRACT 

An  iterative  technique  has  been  developed  to  improve  Coastal  Zone  Color  Scanner  (CZCS)  estimates  of  upwelled 
subsurface  water  radiances  (LJ  in  Case  II  waters.  Regional  relationships  between  the  diffuse  attenuation  coefficient 
measured  at  490  nm  (K490)  and  L„  measured  at  443,  520,  and  550  nm  were  developed  using  data  collected  in  the  northern 
Gulf  of  Mexico  in  April  1993.  These  relationships  are  used  to  iteratively  adjust  the  aerosol  contribution  to  the  total 
radiance  measured  at  the  sensor. 

The  open-ocean  assumption  that  there  is  no  water-leaving  radiance  at  670  nm  (the  CZCS  channel  used  to  estimate 
aerosol  radiance)  is  not  valid  in  coastal  areas  with  a  high  sediment  load;  reflectance  from  suspended  sediment  can  result  in 
a  significant  signal  at  670  nm.  If  the  sediment  signal  is  not  considered  the  aerosol  contribution  is  overestimated  during  the 
atmospheric  correction  of  the  CZCS  data.  Subsequently,  the  calculations  of  are  underestimated,  even  to  the  point  of 
negative  radiances  calculated  in  extremely  turbid  areas.  Because  the  are  used  in  the  geophysical  algorithms  to  estimate 
K490  and  pigment  concentration,  these  derived  products  are  overestimated  in  Case  II  waters  if  the  670  nm  radiance  is  not 
partitioned  into  aerosol  and  sediment  components. 


1.  INTRODUCTION 

Estimates  of  upwelled  subsurface  water  radiances  at  443,  520,  550,  670,  and  750  nm  were  provided  by  the  CZCS 
during  its  operational  lifetime  from  1978  to  1986.  These  radiance  measurements  have  been  used  to  calculate  oceanic  bio- 
optical  parameters  such  as  the  diffuse  attenuation  coefficient  and  phytoplankton  pigment  concentration,  generally  to  within 
an  accuracy  of  approximately  30-40%'-^.  Similar  relationships  are  anticipated  in  algorithms  utilizing  data  from  the  next 
generation  of  ocean  color  sensors,  such  as  the  Sea- Viewing  Wide  Field  Sensor  (SeaWiFS)  currently  scheduled  for  launch 
in  late  1994  or  early  1995,  the  Japanese  Advanced  Earth  Observing  Satellite  (ADEOS)  scheduled  for  launch  in  1996,  and 
the  Moderate  Resolution  Imaging  Spectrorediometer  (MODIS),  scheduled  for  launch  in  1999. 

Most  of  the  research  to  date  has  focused  on  open-ocean.  Case  I  waters,  where  optical  properties  are  dominated  by 
phytoplankton  absorption  and  their  correlated  particulate  and  dissolved  degradation  products.  Many  current  research 
programs,  however,  are  shifting  attention  to  coastal.  Case  II  waters,  where  optical  properties  are  strongly  influenced  by 
scattering  from  suspended  sediments  and  absorption  by  colored  dissolved  organic  matter  (CDOM).  Current  algorithms 
must  be  reviewed  to  assess  their  validity  in  Case  II  waters,  and  if  necessary  adjustments  must  be  made. 

The  current  atmospheric  correction  routine  for  CZCS  data,  described  in  Gordon  et  al.^,  assumes  that  the  total 
radiance  recorded  by  the  sensor  in  each  of  the  five  wavelength  channels  is  the  sum  of  three  components:  the  water-leaving 
radiance  (L„,  which  is  the  upwelled  subsurface  radiance,  L.,  pushed  through  the  air/sea  interface),  the  aerosol  path 
radiance,  and  the  Rayleigh  path  radiance  (which  results  from  Rayleigh  scattering).  To  estimate  aerosol  radiance,  however, 
an  assumption  is  made  that  the  radiance  in  the  670  nm  channel  is  due  entirely  to  path  radiance  by  atmospheric  aerosols  and 
Rayleigh  scattering.  Open-ocean,  dear-water  regions  are  essentially  ’black”  at  this  wavelength,  or  totally  absorbing,  so 
the  water-leaving  radiance  should  be  zero  in  this  channel.  The  Rayleigh  scattering  component  can  be  calculated  from  the 
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satellite  viewing  geometry,  so  the  aerosol  radiance  at  670  nm  can  be  calculated  by  subtraction. 

Aerosol  radiances  in  the  remaining  channels  are  calculated  from  the  670  nm  aerosol  radiance  using  the  angstrom 
exponent  formulation  for  the  wavelength  dependence,  with  ozone  transmittance  and  incident  solar  irradiance  considered. 
Once  the  aerosol  and  Rayleigh  components  have  been  determined  for  each  chaimel,  the  water-leaving  radiances  are 
calculated  as  the  total,  sensor-measured  radiances  minus  the  aerosol  and  Rayleigh  radiances.  Equations  describing  these 
relationships  are  presented  in  the  Algorithm  section. 

While  the  aerosol  assumption  is  valid  for  most  of  the  world  ocean,  in  coastal  regions  where  there  is  a  high 
suspended  sediment  load,  water-leaving  radiance  at  670  nm  (L„670)  may  be  significantly  greater  than  zero  due  to 
reflectance  from  sediment  in  the  red  portion  of  the  spectrum^-'*’-".  This  error  results  in  an  overestimate  of  the  aerosol 
radiance  component,  which  propagates  through  the  atmospheric  correction  algorithm  and  causes  the  radiances  in  the 
remaining  channels  to  be  underestimated.  In  extreme  cases  of  aerosol  overestimation  in  turbid  regions,  water-leaving 
radiance  calculations  even  result  in  negative  values.  The  443  nm  channel  is  the  first  to  go  negative,  but  negative  values  in 
the  520  and  SSO  channels  have  been  observed  as  well.  These  radiances  are  subsequently  used  in  geophysical  algorithms  to 
derive  estimates  of  the  diffuse  attenuation  coefficient  and  pigment  concentration,  which  are  therefore  also  in  error 
(overestimated),  if  they  can  be  calculated  at  all. 

Previous  relation.ships  between  the  diffuse  attenuation  coefficient  measured  at  490  nm  (K490)  and  ratios  of 
upwelled  subsurface  radiances  at  CZCS  wavelengths,  such  as  those  described  by  Austin  and  Petzold'  (referred  to  as  A/P), 
were  developed  for  Case  I  waters  with  a  maximum  K490  value  of  approximately  0.4  m  '.  In  order  to  improve  estimates  of 
K490  in  certain  areas  or  in  extremely  turbid  regions,  regional  K  relationships  or  additional  Case  II  relationships  may  be 
required.  In  this  paper,  we  evaluate  these  hypotheses  by  developing  new  regional  relationships  based  on  data  collected 
during  an  April  1993  cruise  in  Case  I  and  Ca.se  II  waters  in  the  northern  Gulf  of  Mexico  (GOMEX-1  cruise).  These  new 
relationships  are  compared  to  previously  described  relationships. 

In  addition,  a  coastal  iterative  algorithm  is  presented  that  partitions  the  total  670  nm  radiance  measured  at  the 
sensor  into  aerosol  and  water-leaving  radiance  components.  The  iterative  algorithm  utilizes  two  separate  equations  to 
estimate  K490,  based  on  either  the  L„443/L„SS0  radiance  ratio  or  the  L„S20/L„SS0  radiance  ratio,  and  adjusts  the  radiances 
by  successively  reducing  the  aerosol  radiance  until  the  radiance  ratios  yield  similar  estimates  of  K490.  Tlie  iterative 
radiance  algorithm  is  based  on  earlier  work  by  Smith  and  Wilson'**  and  Mueller"  (hereafter  referred  to  as  the  S/W  and  M 
iterative  algorithms).  The  new  algorithm  is  compared  to  the  previously  described  S/W  and  M  iterative  algorithms  and  the 
benefits  and  disadvantages  are  discus.sed. 

The  iterative  radiance  algorithm  has  been  implemented  in  an  automated  processing  system  developed  by  the  Naval 
Research  Laboratory  (NRL).  The  automated  system,  described  by  Oriol  et  al.*,  can  process  a  full-resolution,  two  minute 
CZCS  scene  from  Level- 1  raw  data  to  Level-3  geographically  registered  products  in  less  than  10  minutes  (on  a  Silicon 
Graphics  Crimson  computer),  with  very  little  operator  intervention.  A  complete  data  base  of  CZCS  imagery  in  the  Gulf  of 
Mexico  collected  over  the  life.span  of  the  sen.sor  has  been  created  using  the  automated  processing  system  (approximately 
850  scenes).  Similar  data  bases  are  under  development  for  the  Sea  of  Japan  and  the  Arabian  Sea. 

2.  ^^ETHODS 

During  a  cruise  in  the  northern  Gulf  of  Mexico  in  April,  1993,  a  suite  of  bio-optical  measurements  were  made  at 
28  stations  along  transects  extending  from  extremely  turbid  coastal  Case  II  waters  into  clear,  offshore  Case  I  waters. 

Station  locations  are  shown  in  Figvre  1  of  Gould  et  al.^  Measurements  included  spectral  upwelling  counts,  collected  with  a 
Research  Support  Instruments  (RSI)  scanning  radiometer,  as  well  as  calibrated  upwelling  and  downwelling  radiance  and 
irradiance,  collected  with  a  multi-channel  environmental  radiometer  (MER).  Although  the  RSI  provides  only  photon 
counts,  the  data  are  collected  spectrally  at  2  nm  intervals  from  4{X)-700  nm.  The  MER  provides  calibrated  radiance  values 
but  only  at  7-12  preset  wavelengths.  RSI  and  MER  data  processing  is  described  in  Gould  et  al.*  and  Mueller  and  Trees^. 
The  calibrated  sub.surface  upwelling  radiances  were  ratioed  and  used  to  model  the  measured  K490  values. 
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During  the  GOMEX-1  cruise,  downwelling  irradiance  was  measured  at  486  nm,  so  the  diffuse  attenuation 
coefficient  for  downwelling  irradiance  was  calculated  at  486  nm,  not  490  nm.  The  K  value  at  490  nm  used  to  formulate 
the  regression  relationships  was  derived  from  K  at  486  nm  using  the  K  spectral  relationship  described  by  Austin  and 
Petzold*.  The  coefficients  required  for  the  conversion  from  K  at  486  nm  were  linearly  interpolated  from  the  values  at  48S 
and  490  nm  provided  in  that  paper. 

In  addition,  upwelling  radiance  at  S20  nm,  a  wavelength  required  in  the  CZCS  algorithms,  was  not  measured  by 
the  MER  during  the  GOMEX-1  cruise  (the  closest  wavelengths  were  489  and  531  nm),  so  a  three-step  wavelength 
conversion  routine  was  developed.  The  conversion  routine  uses  spectral  upwelling  count  data  from  the  RSI  scanning 
radiometer  as  well  as  calibrated  upwelling  radiance  data  from  the  MER.  Correlations  and  linear  regression  relationships 
were  formed  in  an  effort  to  estimate  upwelling  radiance  at  unmeasured  wavelengths. 

The  first  step  in  the  three  step  conversion  requires  converting  from  radiance  values  at  MER  wavelengths  to  RSI  upwelling 
counts  at  the  same  wavelengths.  The  MER  radiances  vs.  the  RSI  upwelling  counts  are  plotted  in  Figure  lA,  with  the 
polynomial  regression  line  overlaid  (data  from  the  coastal  stations  did  not  fall  along  the  regression  line,  possibly  due  to 
problems  with  the  RSI  instrument  in  turbid  waters,  so  they  were  excluded  from  the  analysis).  The  MER  to  RSI 
relationship  appeared  to  be  wavelength  independent  over  the  wavelength  range  used  (4(X)  -  590  nm).  In  addition  to  the 
model  error,  however,  another  source  of  error  enters  into  the  application  of  the  MER  to  RSI  conversion  routine;  the 
equation  is  subsequently  applied  to  data  at  the  coastal  stations,  even  though  no  coastal  data  were  used  to  derive  the 
relationship. 

For  the  second  step,  the  RSI  counts  at  MER  wavelengths  were  converted  to  RSI  counts  at  CZCS  wavelengths.  If  the  two 
wavelengths  are  not  separated  by  more  than  4-30  nm  (depending  on  the  wavelengths),  simple  linear  regression  equations 
relating  the  MER  wavelengths  (independent  variable)  to  the  CZCS  wavelengths  (dependent  variable)  can  be  used,  with  R^ 
values  ranging  from  0.76  to  0.99  (determined  from  a  correlation  analysis  of  the  GOMEX-I  RSI  data  over  all  wavelengths). 

K490  data  from  the  GOMEX-1  cruise  were  separated  into  three  categories:  Stations  with  K  <  0.13,  stations  with 
0. 13  <  K  <  0.4,  and  stations  with  K  >  0.4  m  '  (see  Figure  2  in  Gould  et  al.^).  These  station  groupings  were  formulated 
based  on  visual  similarities  in  the  spectral  curves,  correlation  analyses  using  both  RSI  and  MER  data,  and  principal 
component  analysis  using  the  MER  data. 

Regressions  of  MER  wavelengths  to  CZCS  wavelengths  were  derived  for  each  of  the  three  groups  of  stations.  These 
station  groupings,  which  are  based  on  the  K  values,  correspond  to  offshore,  mid-regions,  and  coastal  locations.  Of  the  14 
RSI  stations  from  the  GOMEX  cruise,  6  were  from  low-K  offshore  areas,  2  were  from  mid-K  areas,  and  3  were  from 
high-K  coastal  areas  (three  coastal  stations  were  not  u.sed  due  to  possibly  erroneous  data).  Additional  data  from  a  cruise  to 
Tampa  Bay  in  June  1993  were  combined  with  the  corresponding  GOMEX  stations  and  all  were  used  to  derive  the 
regression  equations.  These  included  3  Tampa  Bay  stations  from  mid-K  areas  and  9  that  were  from  high-K  regions.  RSI 
counts  at  531  nm  vs  RSI  counts  at  520  nm  for  the  coastal.  high-K  stations  are  plotted  in  Figure  IB,  with  the  regression 
line  overlaid. 

The  third  step  of  the  wavelength  conversion  process  requires  inverting  from  RSI  counts  at  520  nm  to  radiance  at  520  nm. 
Rather  than  formulating  a  new  model  which  would  add  another  source  of  error,  the  'inverse*  of  the  second  order 
polynomial  equation  from  step  one  was  used.  In  this  manner,  errors  introduced  during  the  nwdeling  of  step  one  tend  to 
cancel  in  step  three.  Note  that  this  equation  was  formulated  with  data  at  MER  wavelengths  but  is  being  ^iplied  in  this  step 
to  data  at  CZCS  wavelengths  (specifically  520  nm)  because  we  are  assuming  the  relationship  is  independent  of  wavelength. 

To  summarize,  a  the  three-step  wavelength  conversion  routine  was  developed  to  obtain  estimates  of  subsurface  upwelled 
radiance  at  520  nm  from  measurements  of  upwelled  radiance  at  531  nm.  MER-measured  radiance  values  at  531  nm  are 
first  converted  to  RSI  count  values  at  the  same  wavelength  using  a  second  order  polynomial  regression  equation.  The  RSI 
counts  at  531  nm  are  then  converted  to  RSI  counts  at  520  nm  using  simple  linear  regression  equations  (separate  equations 
are  used  for  each  of  the  three  station  groupings).  Finally,  RSI  counts  at  520  nm  are  converted  back  to  radiance  values  at 
the  same  wavelength  using  the  inverse  of  the  quadratic  equation  from  step  one.  This  wavelength  conversion  routine  has 
al.so  been  employed  to  estimate  radiances  at  SeaWiFs  wavelengths  to  aid  in  the  development  of  algorithms  for  that  sensor. 
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RSI  Counts  at  531  nm 
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Lu520  from  Uavelength  Conversion 


Figure  1 .  Conversion  from  radiance  at  S3 1  nm  to  radiance  at  S20  nm.  A.  Conversion  from  iipwelling  radiance  at  MER 
wavelengths  to  RSI  upwelling  photon  counts  at  the  same  wavelengths.  B.  Conversion  from  RSI  upwelling  counts  at  531 
nm  to  RSI  upwelling  counts  at  520  nm,  for  coastal  stations  where  K  >  0.4  m  '.  C.  Comparison  between  L„S20  estimated 
from  wavelength  conversion  routine  to  L„520  estimated  using  Austin/Petzold  relationship  between  L„441,  L„S20,  and  L^SSO 
(Equation  I). 
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Because  measurements  of  upwelled  radiance  were  made  at  443  and  550  nm,  Ly520  was  also  calculated  by  solving 
equation  12  in  A/P‘  for  L„520: 

L^(520)  =  1.  Ill  [Lu(443)  ]  [L^,(550)  ]  (1) 


In  Figure  1C,  calculations  of  Lu520  using  equation  1  are  plotted  against  L„520  estimates  calculated  using  the  three-step 
wavelength  conversion  routine.  Points  falling  on  the  solid  line  indicate  a  one-to-one  correspondence  between  the  two 
estimates.  The  results  compare  very  favorably,  except  at  high  radiance  values,  where  the  wavelength  conversion  estimate 
exceeds  the  A/P  estimate.  Assuming  that  the  wavelength  conversion  estimates  are  more  correct  than  the  A/P  estimates, 
this  indicates  that,  for  certain  stations  where  high  values  of  I..„520  were  calculated,  the  relationship  between  the  443,  520, 
and  550  radiances  does  not  follow  the  A/P  relationship.  The  stations  where  this  discrepancy  was  the  greatest  were  located 
in  shallow  water  (less  than  30  meters)  off  the  coast  of  Florida,  suggesting  that  the  data  there  might  have  a  component  of 
bottom  reflectance  in  the  mea.suremef.ts. 


3.  ALGORITHM  DEVELOPMENT 

The  relationship  between  the  443/550  upwelled  radiance  ratio  and  K490  that  was  described  by  Austin  and  Petzold' 
was  developed  using  mainly  Case  1  data  with  a  maximum  K  value  of  approximately  0.4  m  '.  Data  collected  during  the 
GOMEX-1  cruise  in  the  northern  Gulf  of  Mexico  extended  into  extremely  turbid  Case  II  waters  with  a  maximum  K490 
value  of  1.3  m'‘  recorded.  The  relationship  between  the  L„520/L„550  ratio  and  K490  that  was  described  by  Mueller  et  al.^ 
was  based  on  data  collected  in  Case  II  waters  from  various  locations,  including  San  Francisco  Bay.  We  believe  a  re- 
evaluation  of  these  equations  is  warranted  to  ascertain  whether  new  algorithms  are  required  for  Case  II  waters  or  whether 
there  are  regional  dependencies  that  require  further  analysis.  For  simplicity,  relationships  between  K490  and  the 
L„443/L„550  radiance  ratio  will  be  referred  to  as  KI  relationships  and  those  between  K490  and  the  L„520/L„550  ratio  as 
K2  relationships. 

In  many  coastal  areas,  very  low  water-leaving  radiances  in  the  443  nm  channel  may  result  from  strong  absorption 
by  chlorophyll.  Sensor  limitations  and  errors  in  the  atmo-spheric  correction  routine  may  make  it  impossible  to  accurately 
retrieve  an  estimate  of  L„443  in  those  regions,  thereby  inducing  errors  in  the  estimation  of  K490  if  algorithms  containing 
the  L„443/L^550  ratio  are  used.  To  alleviate  this  problem,  Mueller  et  al.^  recommended  branching  to  a  K490  algorithm 
based  on  the  520/550  ratio  in  locations  where  K  exceeds  0. 16  m  ',  and  we  have  adopted  this  procedure. 

Relationships  similar  to  those  originally  presented  by  Austin  and  Petzold  between  the  L^443/L„550  upwelled 
radiance  ratio  and  K490  were  prepared  using  data  from  the  GOMEX-1  cruise  (see  text  and  Figure  3  in  Gould  et  al.*).  At 
K  values  greater  than  about  0.2  m  ',  discrepancies  were  detected  between  the  historical  relationship  and  a  new  regression 
equation  fit  to  the  GOMEX-1  data.  However,  the  data  collected  during  the  GOMEX-1  cruise  were  acquired  under  widely 
varying  conditions  of  cloud  cover,  ranging  from  clear  skies  to  complete  overcast,  and  widely  varying  solar  zenith  angles, 
whereas  the  data  used  by  Austin  and  Petzold  were  restricted  to  more  cloud-free  conditions. 

in  order  to  correct  for  these  differences,  the  GOMEX-1  data  have  been  normalized  for  downwelling  irradiance 
using  the  relationship  suggested  by  MuelleH*; 

where  L„(Xi)  and  Ej(\)  are  the  measured  upwelled  radiance  and  downwelled  irradiance  and  F(Xj)  is  incident  solar  flux  at 
the  top  of  the  atmosphere  (Neckel  and  Labs’)  at  wavelengths  X;  (i  =  1 ,2).  We  neglect  the  slight  wavelength  dependence  of 
the  Fresnel  transmittance  of  the  sea  surface  so  that  this  term  cancels  out  in  the  ratios  when  converting  from  upwelled 
subsurface  radiance  to  water-leaving  radiance,  i.e.,  L,^(X|)/L,„,(Xj)  *  L„(X,)/Lu(X2)  for  wavelengths  between  400-700  nm. 
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The  effect  of  normalization  is  illustrated  in  Figure  2.  The  lines  in  Figures  2A  and  B  represent  a  one-to-one 
correspondence  between  the  normalized  and  non-normalized  data.  The  normalization  procedure  has  no  effect  on  the  ratio 
if  the  data  points  fall  along  the  y  =  x  line.  Whereas  the  normalized  443/SSO  ratio  exceeds  the  non-normalized  ratio  for 
nearly  all  ^ta  points,  the  ^20/550  data  points  cluster  along  the  line  indicating  that  the  normalization  procedure  had  little 
effect  on  that  ratio. 

K1  and  K2  relationships  derived  using  normalized  GOMEX-1  radiance  ratios  are  plotted  in  Figures  3A  and  B, 
with  the  Austin/Petzold  (A/P)  K1  and  Mueller  et  al.  (MTA)  K2  equations  overlaid  as  dotted  lines.  Notice  that  the 
normalized  GOMEX-1  data  now  fall  very  close  to  the  A/P  K1  line,  but  the  GOMEX  K2  relationship  still  varies 
significantly  from  the  MTA  K2  equation. 

To  calculate  estimates  of  water-leaving  radiance  in  each  channel,  the  equation  for  the  atmospheric  correction  of 
CZCS  data  as  defined  by  Gordon  et  al.^  can  be  rearranged  and  expressed  as  follows: 

LJX)  =  t^(X)-i[L,(X)-L^(X)-L3(X)]  (3) 


where  L,(X)  represents  the  total  radiance  recorded  at  the  sensor,  L,(X)  represents  the  Rayleigh  scattering  contribution,  L,(X) 
represents  the  aerosol  scattering  contribution  and  t^fX)  is  the  diffuse  transmittance  of  the  atmosphere,  for  wavelengths  X  = 
443,  S20,  and  SSO  nm.  The  aerosol  radiance  at  each  wavelength  can  be  estimated  from  the  aerosol  radiance  at  670  nm: 

^^(A)  =  (-g^j”s(X,670)L,(670)  (4) 


where  n  is  the  Angstrom  coefficient  to  account  for  the  wavelength  dependence  of  aerosol  radiance  and  S(X,670)  represents 
the  product  of  the  ratios  of  ozone  transmittances  and  incident  solar  irradiances  at  wavelengths  X  and  670  nm.  Aerosol 
radiance  at  670  nm  is  calculated  from; 

L^ieiO)  =  Lc(670)  -  L,(670)  -  Ctf(670)L^(670)  (5) 


The  initial  assumption  (which  is  modified  during  the  iterative  process)  that  L^(670)  =  0  reduces  Equation  S  to: 

L^{670)  =  Lt.(670)  -  Lj(670) 


(6) 


Thus,  the  initial  estimate  of  L,(670)  is  taken  as  the  total  radiance  measured  by  the  sensor  at  670  nm  minus  the  Rayleigh 
radiance  (which  is  calculated  for  each  wavelength  from  the  known  sun/satellite  viewing  geometry).  If  L,„(670)  is  greater 
than  zero,  L,(670)  will  be  overe.stimated,  and  this  error  will  propagate  through  the  atmospheric  correction  routine  resulting 
in  underestimates  of  the  L,„(X)s. 


The  standard  processing  routine  stops  at  this  point,  and  the  iterative  algorithm  begins,  in  order  to  estimate  a  non¬ 
zero  value  for  L.,(670)  in  turbid  areas.  After  initial  estimates  of  L^fX)  are  obtained  for  the  443,  520,  and  SSO  nm 
channels,  K490  is  calculated  using  both  the  K1  and  K2  equations  if  all  three  of  the  initial  L^(X)  estimates  are  positive: 


K1  =  0.0883 


L„{443) 

L„(550) 


(-1.491) 

+ 


0 . 022 


(7) 


K2 


0.1650 


L„(520) 

LJSSO) 


(-4.576) 

+ 


0 . 022 


(8) 
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Figure  2.  Normalized  water-leaving  radiance  ratios  (L^  vs.  non-normalized  subsurface  upwelling  radiance  ratios  (LJ. 
A.  443/550  ratio.  B.  520/550  ratio. 
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Figure  3.  Normalized  water-leaving  radiance  ratios  vs.  K490.  The  data  plotted  are  from  the  April,  1993,  GOMEX-1 
cruise  in  the  northern  Gulf  of  Mexico.  A.  Lv„,(443/550)  ratio.  The  least-squares  regression  fit  to  the  data  is  represented 
by  the  solid  line  (GOMEX  relationship);  the  Austin/Petzold  relationship  is  overlaid  as  the  dotted  line.  B.  1^(520/550) 
ratio.  The  least-squares  regression  fit  to  the  data  is  represented  by  the  solid  line  (GOMEX  relationship);  the  Mueller  et  al. 
relationship  is  overlaid  as  the  dotted  line. 
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The  K1  equation  is  the  original  A/P  relationship  and  the  K2  equation  was  derived  using  normalized  GOMEX-1  data  (see 
Figures  3A  and  B).  The  L„(X)s  are  subsurface  values  calculated  by  pushing  the  L„(X)s  down  through  the  air/sea  interface. 

At  this  point,  the  iterative  algorithm  operates  if  either  of  two  conditions  is  met:  1)  the  initial  K1  estimate  exceeds 
0. 16  m  '  (indicating  the  possibility  of  turbid  water  and  a  non-zero  value  for  1^(670)),  or  2)  any  of  the  initial  1^(X) 
estimates  are  negative  (indicating  an  obvious  overestimation  of  the  aerosol  radiance).  Generally,  in  turbid  areas  the 
Lu(443)  radiance  is  the  first  radiance  to  go  negative,  followed  by  the  L^(520)  and  finally  the  L„(550)  as  suspended  sediment 
concentration  increases  and  the  aerosol  radiance  is  increasingly  overestimated.  Thus,  if  L^20  or  L^SSO  are  negative  L„443 
is  likely  to  be  negative  as  well. 

If  condition  1  is  satisfied,  a  new  estimate  of  1^443  is  calculated  by  setting  the  K1  and  K2  equations  equal  and 
solving  for  L.u443: 


L„{443) 


\  0.0883  ) 


LJ550) 


(9) 


The  assumption  here  is  that  the  K2  estimate  of  K490  is  more  correct  than  the  K1  estimate  because  it  is  based  on  the 
S20/SS0  ratio  rather  than  the  443/SSO  ratio.  There  are  problems  related  to  measuring  L„443  in  coastal  areas  (low  values 
due  to  strong  absorption  of  this  wavelength  by  chlorophyll)  and  the  Angstrom  formulation  for  the  wavelength  dependence 
of  the  aerosol  radiance  magnifies  aerosol  errors  as  wavelength  distance  from  670  nm  increases. 

If  condition  2  is  satisfied,  L„443  is  set  to  a  low,  positive  value  (0.01  radiance  units).  As  stated  in  Mueller",  the 
magnitude  of  the  radiance  adjustment  required  to  restore  L„443  to  a  positive  value  can  be  interpreted  as  the  minimum 
overestimate  of  aerosol  path  radiance  at  443  nm. 


Using  the  new  estimate  of  Ly443  from  condition  1  or  2,  an  estimate  of  L„670  is  then  calculated: 


'"I.y(67  0) 


iL  (670)  +  t:d(443)  ["L^(443)  -  "-"L„(443)] 

ttf(670)S(443,670)|-||||" 


(10) 


following  Mueller",  where  the  leading  superscript  m  denotes  the  iteration  number  (m  =  0  for  initial  estimates,  1  for  first 
iteration  values,  and  so  on).  L.„670  is  then  calculated  from  L^670  and  substituted  into  Equation  S,  and  Equations  3  and  4 
are  used  to  calculate  new  estimates  of  water-leaving  radiances  at  the  other  wavelengths.  With  the  new  radiance  estimates, 
new  estimates  of  K1  and  K2  are  calculated  using  Equations  7  and  8,  and  the  iteration  process  repeats  until  the  K  values 
agree  to  within  0. 1  units. 

At  pixels  where  iteration  occurs,  the  K1  estimate  will  be  greater  than  the  K2  estimate,  so  the  K1  estimate  will  be 
lowered  by  setting  it  equal  to  K2  and  calculating  a  new  (higher)  Ly443.  The  algorithm  constrains  iteration  to  only  those 
pixels  that  satisfy  condition  1  or  2  above  and  whose  K1  estimate  exceeds  the  K2  estimate.  Iteration  will  not  occur  if  K2 
exceeds  K1  because  we  cannot  increase  the  aerosol  radiance  term  (which  would  be  required  to  increase  the  K1  estimate  up 
to  the  K2  estimate)  because  the  L,„670  term  cannot  be  reduced  further;  it  is  already  set  to  an  initial  value  of  zero. 

The  rationale  behind  the  algorithm  is  to  start  iterating  at  some  value  of  K490  where  subtended  sediment  may 
begin  to  play  a  role  in  the  attenuation  of  light.  At  that  point  there  will  be  a  significant  L,.670  signal  due  to  reflectance  by 
sediments  at  this  wavelength  and  we  can  no  longer  attribute  all  of  the  radiance  in  the  670  nm  channel  to  aerosols.  Based 
on  previously  reported  results  and  GOMEX-I  cruise  data  which  indicates  a  change  in  the  spectra]  shape  of  upwelling  light 
near  a  K  value  of  0. 16  m  ',  so  we  have  chosen  this  value  as  the  minimum  K  value  at  which  to  begin  iterating.  In  edition, 
iteration  will  also  occur  at  pixels  where  the  initial  L„443  estimate  is  negative,  because  the  estimate  of  aerosol  radiance  at 
that  pixel  is  obviously  too  high. 
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In  coastal  areas,  where  the  443  nm  radiance  is  too  low  to  measure  accurately  by  the  sensor,  we  assume  that  the 
S20  radiance  is  more  correct  and  branch  from  a  Kl  algorithm  to  a  K2  algorithm  to  estimate  K490.  However,  if  the  K1 
and  K2  values  are  forced  to  agree  closely  in  the  iteration  scheme,  branching  would  not  be  necessary.  There  are  cases 
where  the  iteration  cannot  remove  enough  aerosol  to  force  the  K  estimates  to  agree,  so  the  branching  is  still  required.  The 
west  Florida  shelf  in  Figure  4  is  one  such  example;  the  initial  Kl  estimate  is  much  larger  than  the  initial  K2  estimate  and 
the  radiance  ratios  do  not  conform  to  the  relationships  specified  in  the  Kl  and  K2  equations  (Equations  7  and  8),  possibly 
due  to  contamination  from  bottom  reflectance  in  the  signal. 

In  this  way,  the  aerosol  radiance  estimate  at  each  pixel  (where  condition  1  or  2  is  satisfied)  is  successively 
decreased  by  partitioning  some  of  the  total  670  nm  radiance  into  an  L„(670)  term.  If  convergence  is  not  achieved  within 
10  iterations,  processing  ceases,  the  pixel  is  flagged,  and  a  message  is  written  to  a  log  file.  A  check  to  prevent  negative 
aerosol  calculations  is  also  implemented  in  the  algorithm,  and  another  check  prevents  any  iteration  if  the  initial  aerosol 
concentration  is  less  than  0. 10  radiance  units  (unless  the  initial  L„(443)  was  negative,  in  which  case  it  is  set  to  0.01,  new 
L„(X)s  are  calculated  for  S20,  SSO,  and  670  nm,  and  control  returns  from  the  iterative  subroutine  to  the  main  processing 
program). 

4.  RESULTS 

Statistical  results  of  the  various  K  models  evaluated  are  presented  in  Table  1.  Normalized  and  measured  (non- 
normalized)  GOMEX-1  radiance  data  were  fit  to  the  A/P  and  MTA  models,  as  well  as  the  new  regression  models 
developed  in  this  study  (Equations  7  and  8),  and  the  mean  bias  and  standard  error  of  prediction  were  calculated.  The 
mean  K  from  the  GOMEX-i  data  was  calculated  at  486  and  490  nm;  the  value  of  0.2727  listed  under  the  'Mean  K  from 
Data'  column  in  Table  1  corresponds  to  the  mean  of  the  attenuation  coefficient  measured  at  486  nm  and  the  value  of 
0.2650  corresponds  to  the  mean  of  the  coefficient  converted  to  490  nm.  The  L„520  estimates  used  in  the  K2  equations 
were  derived  using  the  three-step  wavelength  conversion  routine  described  in  Section  2. 

Except  for  the  A/P  model,  a  better  fit  to  the  GOMEX-I  data  is  obtained  if  measured  rather  than  normalized 
radiance  data  are  used  in  the  models.  However,  the  .samples  span  a  wide  range  of  cloud  cover  conditions  and  solar  zenith 
angles,  so  we  believe  that  the  data  should  be  normalized  using  Equation  2  before  analysis.  The  standard  error  of 
prediction  is  a  measure  of  the  di.spersion  of  the  data  points  about  the  regression  curve.  The  standard  errors  of  the 
normalized  MTA  and  GOMEX-K2  models  are  very  similar,  but  the  mean  bias  of  the  GOMEX-K2  model  is  smaller  and 
the  data  fit  the  curve  in  Figure  3b  with  an  R2  value  of  0.88.  The  rather  high  standard  errors  as.sociated  with  all  the 
models  indicate  a  large  degree  of  scatter  in  the  data. 

The  iterative  algorithm  has  been  applied  to  approximately  850  CZCS  scenes  of  the  Gulf  of  Mexico.  Figure  4 
shows  the  results  for  the  October  8,  1979  image.  In  the  top  panel  (Figure  4a),  K490  estimates  derived  using  Gordon’s 
standard  atmospheric  correction  routine  (L„670  =  0  for  all  pixels)  are  shown.  Land  is  black  and  cloud  pixels  are  flagged 
grey.  Increasing  K  values  are  depicted  by  increasingly  warmer  colors  (i.e.,  blue  pixels  represent  low  K  values  and  red 
pixels  represent  high  K  values).  White  areas  along  much  of  the  Gulf  coast  indicate  where  unrealistically  high  K  values 
were  calculated  or  where  K  values  could  not  be  calculated  at  all.  due  to  negative  radiance  estimates  (resulting  from 
overestimates  of  aerosol  radiance). 

In  Figure  4B,  K490  results  for  the  same  image  processed  using  the  iterative  algorithm  are  shown.  Notice  that  the 
coastal  pixels  that  were  previously  flagged  white  now  have  rea.sonable  K  values  assigned.  Notice  also  that  the  iteration 
algorithm  has  reduced  the  K  estimates  for  many  of  the  coastal  pixels  by  increasing  the  radiance  estimates.  The  black  line 
on  the  image,  extending  to  the  southwest  from  Mobile  Bay,  marks  the  location  of  a  transect  where  pixel  values  were 
dumped  for  a  quantitative  comparison  of  processing  results  (see  Figure  5). 

Figure  4C  shows  the  distribution  of  L.>.670  calculated  using  the  iterative  processing.  Although  ground  truth 
verification  of  the  results  is  not  available,  the  higher  radiance  values  closest  to  shore  and  in  bays,  presumably  indicating 
higher  suspended  sediment  concentrations  there,  are  rea.sonable  and  realistic. 
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Table  1 .  Statistical  comparison  of  K490  models. 
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Figure  S.  Comparison  between  standard  (Gordon)  processing  and  new  iterative  processing  on  CZCS  image  from  October 
8,  1979,  for  pixel  values  along  a  transect  extending  southwestward  from  Mobile  Bay  (see  Figure  4B).  Pixel  #1 
corresponds  to  the  northern  end  of  the  transect.  A.  Aerosol  radiance.  B.  L„670  radiance  (the  solid  line  rqnesents  1^670 
from  the  iterative  processing;  there  is  no  L„670  estimated  from  the  standard  algorithm).  C.  L,443  radiance.  D.  K490 
estimate. 
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Plots  of  aerosol  radiance,  L„670,  L„443,  and  K490  vs.  distance  along  the  transect  out  of  Mobile  Bay  are  presente 
in  Figure  5  (the  north  end  of  the  transect  corresponds  to  pixel  number  1  in  the  figures).  ASCII  data  values  along  the 
transect  were  dumped  from  each  of  these  four  output  image  files  to  allow  comparisons  between  the  standard  processing 
algorithm  (Figure  4a)  and  the  new  iterative  algorithm  (Figure  4b).  The  dashed  lines  in  each  figure  indicate  results  from 
the  standard  algorithm  and  the  solid  lines  indicate  the  new  results  using  the  iterative  approach.  There  are  no  differences  i 
the  results  from  approximately  pixel  number  3S  to  the  end  of  the  transect  because  iteration  did  not  occur  there  (neither 
condition  1  nor  condition  2  described  in  Section  4  was  met). 

In  Figure  Sa,  notice  that  the  iterative  algorithm  has  successfully  reduced  the  aerosol  radiance  in  Mobile  Bay  at  the  norther 
end  of  the  transect  while  maintaining  the  general  shape  of  the  curve.  The  partitioning  of  the  670  nm  chaimel  into  aerosol 
and  water-leaving  radiance  terms  is  shown  in  Figure  Sb,  where  it  is  apparent  that  the  reduction  in  aerosol  radiation  in 
Figure  Sa  corresponds  to  an  increase  in  the  L.670  term. 

The  reduction  in  the  aerosol  radiance  also  translates  into  an  increase  in  the  443  nm  radiance  (Figure  Sc)  and  a 
decrease  in  the  K490  estimates  (Figure  Sd).  With  the  standard  processing  algorithm,  unrealistically  high  K  values  over  S. 
m '  were  calculated.  Also,  negative  443  radiance  values  were  calculated  for  the  first  32  pixels  along  the  transect  (K 
values  could  still  be  calculated  with  the  standard  processing  because  a  KI/K2  branching  routine  was  employed  so  that  the 
K490  value  was  derived  from  the  S20/SS0  ratio);  the  iterative  routine  has  increased  these  to  positive  values. 

5.  DISCUSSION 

A  statistical  analysis  of  the  various  K  models  has  been  completed  and  the  results  are  presented  in  Table  1. 
Although  the  recommended  Kl  and  K2  models  do  not  yield  the  lowest  standard  errors,  we  believe  that  the  objective  is  no 
necessarily  to  achieve  the  ’best  fit*  based  on  an  error  analysis,  but  to  employ  the  models  that  have  been  tested  most 
thoroughly  in  a  variety  of  locations  and  were  cast  from  the  strongest  physical  foundation. 

We  suggest  the  continuing  use  of  the  Austin/Petzold  Kl  equation  for  consistency  with  past  analyses.  After 
normalization,  the  GOMEX-I  data  fell  very  close  to  the  Austin/Petzold  line.  We  do  not  believe  that  the  slight  error 
reduction  gained  by  utilizing  the  normalized  GOMEX  Kl  equation  justifies  its  use,  as  the  Austin/Petzold  relationship  has 
proven  robust  in  a  variety  of  locations  representing  both  Case  I  and  Case  II  waters.  The  Mueller  et  al.  K2  equation, 
however,  was  originally  developed  from  a  limited  data  set,  does  not  fit  the  GOMEX  data,  and  has  not  been  a^uately 
evaluated  in  other  regions,  so  we  recommend  the  normalized  GOMEX  K2  relationship  (presented  here  as  equation  8),  wit 
the  caveat  that  additional  validation  is  required  in  other  areas.  Although  the  non-normalized  GOMEX  Kl  and  K2 
equations  provide  better  fits  to  the  GOMEX  data  (lower  standard  errors),  it  makes  more  physical  sense  to  normalize  the 
data  to  approximate  the  clear  sky  conditions  required  for  satellite  estimates  even  though  we  are  introducing  additional 
sources  of  error  into  the  K  calculation  (errors  in  mea.suring  E^  and  in  the  estimation  of  F  in  Equation  2,  Gordon'^. 

By  implementing  an  iterative  radiance  algorithm  in  coastal  areas  and  branching  from  the  Kl  equation  to  the  K2 
equation  at  K490  values  greater  than  0.16  m  ',  improved  estimates  of  derived  geophysical  parameters  have  been  obtained. 
The  Iterative  algorithm  is  similar  to  ones  developed  by  Mueller"  and  Smith  and  Wilson"*,  but  with  several  differences. 
The  M  algorithm  adjussts  radiance  estimates  by  iterating  on  chlorophyll  relationships  and  the  S/W  algorithm  iterates  based 
on  a  relationship  between  the  443,  550.  and  670  nm  radiances.  The  algorithm  presented  here  iterates  on  K490 
relationships  that  have  been  specifically  tested  and  tuned  for  the  region  where  they  are  employed  (the  northern  Gulf  of 
Mexico).  Also,  the  S/W  algorithm  does  not  handle  negative  initial  radiance  estimates  in  any  channel  and  the  M  algorithm 
handles  negative  estimates  in  only  the  443  channel;  the  algorithm  pre.sented  here  will  iterate  if  any  or  all  of  the  channels 
are  negative.  As  with  the  M  iterative  algorithm,  this  algorithm  tends  to  overestimate  L„670  in  some  cases,  as  evidenced 
by  dark  areas  in  several  of  the  aerosol  scenes. 

Additional  effects  of  the  iterative  procedure  on  radiance  relationships  are  under  further  investigation  and  deserve 
mention.  By  iterating  until  the  Kl  and  K2  estimates  of  K490  agree,  we  are  forcing  the  radiance  estimates  into  a  pre¬ 
defined  relationship  (that  was  determined  using  in  situ  measurements  collected  under  specific  environmental  conditions)  an 
we  are  effectively  removing  the  source  of  any  deviation  from  this  relationship.  Our  assumption  is  that  the  source  of  the 
deviation  is  an  error  in  the  aerosol  radiance,  but  the  deviations  could  be  due  to  a  variety  of  factors,  including  a  spectral 
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component  of  bottom  reflectance,  absorption  by  CDOM,  or  scattering  by  coccoHths,  if  those  factors  differentially  affect 
measured  radiances  in  the  443,  S20,  SSO,  or  670  nm  CZCS  channels.  Whatever  the  source,  it  is  removed  by  adjusting  th 
aerosol  radiance  and  placing  the  "excess”  radiance  into  the  L^670  term. 

Sources  of  error  in  the  iterative  algorithm  include  model  error  in  the  K1  and  K2  relationships  and  errors 
associated  with  the  conversion  from  K486  to  K490  and  the  conversion  from  L^SS  1  to  L„S20.  Future  efforts  to  extend 
coastal  CZCS  estimates  of  K490  further  inshore  involve  the  development  of  a  high-resolution  land  mask  to  a|^ly  over  the 
data  after  processing  all  pixels  as  water.  The  current  methodology  is  based  on  a  threshold  technique  using  the  7S0  nm 
channel  as  a  land/water  discriminator  and  frequently  causes  very  turbid  water  pixels  to  be  flagged,  as  land  pixels  and 
excluded  from  proces.sing. 


6.  SUMMARY 

Regional  algorithms  relating  subsurface  upwelling  radiances  to  K490  were  developed  using  data  from  Case  I  and 
Case  11  waters  in  the  northern  Gulf  of  Mexico.  The  K1  relationship  based  on  the  443/SSO  ratio  was  very  similar  to  the 
historical  relationship  described  by  Austin  and  Petzold'  if  normalized  radiances  were  used  in  the  calculations.  The  K2 
relationship  based  on  the  520/550  ratio  deviated  significantly  from  the  equation  formulated  by  Mueller  et  al.^  (the 
comparison  suffers  somewhat,  however,  because  the  L„520  values  used  in  the  derivations  presented  here  were  not  actually 
measured,  but  calculated  from  the  L„531  measurements). 

An  iterative  radiance  algorithm  that  incorporates  the  Austin/Petzold  K1  equation  and  the  new  K2  equation  was 
developed  in  conjunction  with  a  K-branching  algorithm  to  improve  CZCS  estimates  of  water-leaving  radiances  in  turbid 
coastal  areas.  The  algorithm  partitions  the  total  radiance  measured  by  the  sensor  at  670  nm  into  components  related  to 
aerosol  path  radiance  and  sediment  reflectance  (in  addition  to  the  Rayleigh  scattering  component),  rather  than  neglecting 
the  sediment  contribution  by  assuming  that  L^670  is  zero.  The  radiance  estimates  in  the  renuining  CZCS  channels  are 
therefore  increased  (because  le.ss  aerosol  radiance  is  subtracted  during  the  atmospheric  correction  of  the  data)  and  the 
derived  geophysical  parameters  are  reduced  to  realistic  levels.  In  addition,  satellite-derived  K490  and  pigment 
concentrations  can  now  be  calculated  in  areas  where  they  were  previously  unretrievable  (due  to  negative  radiance  estimate 
calculated  with  the  standard  processing  routine). 
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ABSTRACT 

The  Kattegat  region  forms  a  transition  zone  between  the  Baltic 
Sea  and  the  North  Sea.  Baltic  Sea  water  beeing  brackish  and  high 
in  yellow  substance  mixes  with  saline  and  dense  North  Sea  water 
which  are  either  low  or  high  in  yellow  substance. 

Yellow  substance  combined  with  salinity  are  most  suitable  for 
water  mass  classification  in  the  region  since  the  Baltic  water  is 
characterized  by  a  low  salinity  in  combination  with  a  high  yellow 
substance  content,  whereas  the  North  sea  waters  orginates  either 
from  the  Atlantic  having  extremely  high  salinities  and  low  yellow 
substance  content  or  from  the  German  Bight  which  has  an  inter¬ 
mediate  to  high  salinity  and  a  very  high  yellow  substance  content 
exceeding  the  one  in  the  Baltic  proper.  Measurements  of  salinity 
and  yellow  substance  in  the  Kattegat  allow  the  construction  of 
yellow  substance/salinity  diagram  which  serve  the  same  purposes 
as  the  classical  temperature/salinity  diagram  where  the  latter  is 
not  applicable  in  coastal  areas.  The  yellow  substance/salinity 
diagrams  also  permit  discolouration  studies  resulting  from  mixing 
of  Case  1  waters  and  Case  2  waters  rich  in  yellow  substance. 

1.  INTRODUCTION 

Classical  water  mass  classification  is  based  on  the  following 
3  concepts: 

Water  types. 

Water  masses ,  and 

Conservative  parameters. 

Here,  3  different  water  types  are  defined  based  on  25  years  of 
measurements  done  mainly  by  the  author  in  the  Baltic  proper,  the 
Belt  Sea,  the  Sound,  the  Kattegat,  the  Skagerrak,  off  the  Danish 
west  coast,  the  Danish  Wadden  Sea,  the  German  Bight,  the  Central 
North  Sea,  the  Norwegian  Sea  and  the  North  Atlantic. 
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Salinity  was  in  all  cases  determined  from  conductivity.  Yellow 
substance  was  measured  as  i)  ,  UV- transparency  in  filtered  samples 
in  vitro,  ii)  ,  fluorescence  in  situ,  iii)  a  combination  of 
spectral  transparency,  light  scattering  and  spectral  daylight 
penetration.  Only  measurements  from  UV- transparency  in  10  cm 
cuvettes  at  380  nm  are  presented  here  but  al]  methods  for 
determining  the  yellow  substance  give  similar  results  for  the 
region  in  question. 


Water  type 

index 

light  absorption 

Sy  (380  nm)  m'^ 

salinity 

PSU 

Baltic  Sea  (surface) 

B 

0.96 

8 

Central  North  Sea  + 
North  Atlantic 

N 

0.07 

35 

The  German  Bight 

G 

1.50 

31 

SBH 


A  water  mass  is  simply  defined  as  a  mixture  beeing  completely 
mixed  with  2  or  more  water  types.  For  the  Kattegat  it  is  assumed 
that  all  the  water  masses  encountered  here  are  resulting  from 
mixing  of  at  most  the  3  water  types  listed  in  the  above  table. 
This  assumption  is  justified  to  a  high  degree. 

Conservative  parameters  are  those  describing  a  quantity  which 
are  neither  produced  or  removed/consumed  locally.  One  such 
example  is  salinity.  In  the  classical  salinity/temperature 
analysis  temperature  is  also  considered  to  be  a  conservative 
property  but  this  is  not  so  in  say  the  upper  100  meters.  Daylight 
penetration  in  the  upper  ocean  produces  sensible  heat  locally  due 
to  light  absorption  leading  to  increase  in  temperature.  In  other 
words:  Classical  T-S  analysis  is  inappropriate  in  shelf  mixing 
studies . 

Yellow  substance  can  however  be  considered  to  behave  like  a 
conservative  property  in  shelf  waters  (e . a.  Hajerslev,  1988) 
because  it  is  a  very  stable  chemical  mixture  of  humic  and  fulvic 
acids.  In  the  Kattegat  region  mixing  time  scales  are  of  the  order 
of  days  -  weeks  so  the  assumption  that  yellow  substance  is 
conservative  is  absolutely  justified.  The  small  mixing  time 
scales  in  the  Kattegat  imply  moreover  that  yellow  substance 
measured  either  in  terms  of  light  absorption  or  fluorescence 
become  the  same.  This  is  contrasting  in  the  Baltic  where  mixing 
time  scales  can  be  of  the  order  of  decades.  Here,  the  fluores¬ 
cence  might  even  double  with  depth  for  constant  light  absorption 
(Hojerslev,  1971,  1981,  1982  and  1988  for  some  details) . 

2.  THEORY 


Yellow  substance  is  measured  in  terms  of  light  absorbance  in  a 
spectrophotometer  in  a  10  cm  cuvette  i .  e .  Ajo  at  380  nm  (actually 
from  280  nm  to  900  nm)  .  The  unit  for  yellow  substance  is  the 
light  absorption  coefficient,  Sy  (380  nm)  m'^  or  briefly,  Sy.  The 
following  relation  is  valid: 

ay  (380  nm)  =23.3.  •  A^o  m'^  (1) 

Selection  of  380  nm  allows  full  use  of  the  of  measured  yellow 
substance  encompassing  the  last  25  years.  Assume  now  that  a  water 
mass  has  been  sampled  at  a  specific  position  and  depth  in  the 
Kattegat  region  having  the  salinity/yellow  substance  charac¬ 
teristics  (S,  Sy) .  The  following  3  equations  can  then  be  stated 
by  combinations  of  the  assumptions  given  in  the  Introduction  as 
well  as  the  water  mass  characteristics  (S,  Sy)  : 

qs  +  qN  +  qc  =  i  (2) 

8  •  qe  +  35  •  q^  +  31  •  qc  =  S  (3) 

0.96  •  qe  +  0.07  •  q^  +  1.50  •  qc  =  ay  (4) 
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From  measured  i .  e .  known  (S,  a.y)  it  is  possible  to  calculate  the 
mixing  fractions  qg,  qN  and  in  the  Kattegat  water  mass  and 
thereby  the  mixing  of  two  Case  2  waters  (Baltic  and  German,  B  + 
G)  and  a  mixture  of  two  Case  1  waters  (Central  North  Sea  and 
North  Atlantic,  N)  .  The  q-parameters  represent  a  fraction  per 
sample  volume  say,  per  litre.  If,  say  the  percentage  of  all 
German  Bight  water  in  the  whole  Kattegat  region  is  asked  for  the 
bathymetry  has  to  be  known  beforehand.  The  calculation  is  rather 
straight-forward  and  will  not  be  dealt  with  here.  It  was  only 
brought  forward  to  stress  the  difference  between  the  German  Bight 
water  fraction  in  a  sample  and  in  the  region. 

3.  RESULTS 


Salinity/yellow  substance  data  pairs,  (S,  Sy)  for  October  and 
March  1992  are  depicted  in  Figs.  2  and  3.  Small  fluxes  of  German 
Bight  water  into  the  Kattegat  are  expected  to  be  small  during 
fall  and  high  during  spring.  This  is  reflected  in  the  2 
salinity/yellow  substance  diagrams. 
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The  results  of  these  calculations  are  presented  in  Figs.  5,  6 
and  7.  As  to  be  expected  a  large  fraction  ~  80%  of  Central  North 
Sea  -  North  Atlantic  water  is  intruding  the  deeper  part  of  the 
Norwegian  Trench  to  the  northern  part  of  the  Kattegat.  It  was 
also  expected  to  find  a  high  fraction  of  brackish,  light  Baltic 
water  in  the  Kattegat  surface  waters  -  40%.  What  is  unexpected 
however,  is  the  fact  that  the  fluxes  of  German  Bight  water  into 
the  region  is  not  only  rather  small  but  also  having  maximum 
fractions  qc  in  the  intermediate  layers.  This  implies  that  the 
colour  of  the  surface  waters  in  the  Kattegat  is  dominated  by 
mixing  of  Baltic  Case  2  water  and  Central  North  Sea  -  North 
Atlantic  Case  1  water.  This  is  of  crucial  importance  for  making 
interpretations  of  remote  colour  measurements  over  the  Kattegat 
region . 


Fig.  5.  Qq  X  loo*  vereus  depth  for  the  section  depicted  in  Fig.  4. 
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4.  DISCUSSIONS 


The  water  types  from  the  Baltic  Sea,  Central  North  Sea  -  North 
Atlantic  and  the  German  Bight  are  represented  by  the  3  (S,  a^)  - 
values  (8,  0.96),  (35,  0.07)  and  (31,  1.50),  respectively.  If  the 
assumption,  that  anv  kattegat  water  mass  is  formed  by  mixing  of 
the  above  mentioned  water  types  all  (S,  ay)  data  pairs  should 
stay  within  the  two  triangles  in  figs.  2  and  3.  This  condition  is 
essentially  fullfilled  for  the  fall  situation.  Fig.  2  but  not 
quite  so  for  the  spring  situation.  Fig.  3.  It  can  thus  be  argued 
that  the  German  Bight  water  type  maybe  should  be  defined  as  (S, 
ay)  =  (34.5,  1.80)  instead  of  (31,  1.50).  Now,  this  would  not  be 
in  accordance  with  common  hydrographic  practice.  Here,  it 
suffices  to  state  that  picking  the  (34.5,  1.80)  value  leads  only 
to  minor  changes  in  the  statements  concerning  the  Kattegat  region 
and  that  the  region  then  will  be  slightly  less  influenced  by  the 
"German  Bight"  water. 


5.  CONCLUSIONS 


Yellow  substance  is  a  most  suitable  tracer  in  shelf  waters 
combined  with  salinity.  Both  quantities  in  combination  allow 
calculations  of  mixing  ratios  among  other  things  which  can  be  of 
real  importance  for  making  full  use  of  passive  remote  sensing  of 
sea  surface  colours. 

Yellow  substance  is  in  addition  a  crucial  quantity  for 
inverting  the  spectral  water  leaving  radiances  into  phytoplankton 
pigments  like  chlorophyll.  Accordingly,  yellow  substance  is  one 
of  the  key  parameters  in  colour  studies  of  surface  shelf  waters. 
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ABSTRACT 

Imagery  and  digital  tapes  (CCT)  from  ERS-1  and  Landsat,  regarding  the  Black  Sea 
coastal  zone  of  Romania  have  been  analyst  with  special  emphasis  on  turbidity,  current  circu¬ 
lation,  waste  disposal  plumes  and  convergent  boundaries  between  different  water  masses. 
Landsat  image  radiances,  were  correlated  with  "in-situ"  measurements  of  suspended  sediment 
concentration. 

Colour  density  slicing  helped  delineate  the  suspended  sedimrat  patterns  mere  clear¬ 
ly  and  differentiate  turbidity  levels.  A  good  correlation  was  found,  sediment  concentrations  as 
function  of  depth,  since  the  bands  penetrate  different  depths,  ranging  from  several  meters  to 
several  centimetres,  respectively. 

The  wind  speed  dependence  of  the  microwave  brightness  temperature  of  the  sea  is 
interpreted  primarily  for  small  scale  wave  structure  at  wind  speeds  below  lOm/s  and  from 
increasing  coverage  of  sea  foam  at  higher  wind  speeds. 

1.  INTRODUCTION 

The  advantages  of  remote  sensing  have  been  recognised,  as  being  the  only  method 
that  gives  a  good  description  over  large  areas.  The  aim  of  this  study  is  to  preset  preliminary 
results  about  correlation  of  information,  prevailed  from  optical  satellite  data,  with  "in-situ” 
measurements,  for  monitoring  of  suspended  sediment  and  of  chlorophyll,  using  complemoitary 
multitemporal  data  (i.e.  radar)  to  determine  the  range  of  hydro-meteo  conditions  under  which 
dynamic  features  and  current  circulation  can  be  observed. 

Monitoring  of  suspended  sediment  has  always  been  of  great  interest  for  the  coastal 
geomorphologists,  since  it  is  fundamental  for  obtaining  the  solution  of  various  problems,  such 
as  the  s^iment  b^ance  of  enclosed  bays,  or  simply  the  use  of  suspended  sediment  as  a  tracer 
for  studying  the  circulation  in  the  coastal  and  near-shore  environments,  that  can  be  subsequent¬ 
ly  used  for  planning  of  waste  disposal  and  for  pollution  monitoring. 

From  an  ecological  point  of  view,  suspended  matter  and  pigment  concentration  are 


366 /5PIE  Vol.  2258  Ocean  Optics  XII  (1994) 


0^194-1 574-X/94/f6.00 


very  important  parameters.  Both  of  these  parameters  play  an  important  role  in  the  process  of 
primary  production,  whereas  suspended  matter  is  also  a  transportation  medium  for  micropollu¬ 
tants. 

The  Landsat  data,  used  for  monitoring  suspended  matter  and  chlorophyll,  was 
acquired  on  the  24  July  1975,  in  a  period  of  heavy  floods  of  the  Danube  river  (flg.  1). 

For  analysing  the  Landsat  MSS  data  we  used  an  automatic  segmentation  process 
that  examines  simultaneously  taken  images,  coming  from  different  spectral  channels,  perform¬ 
ing  a  low-level  data  fusion. 

Referring  to  the  radar  data,  3  ERS-1  C-band  images,  2  at  the  ascendant  and  one  at 
the  descendant  node,  were  collected.  ERS-1  SAR  has  the  potential  for  detection  and  monitor¬ 
ing  of  coastal  processes,  as  demonstrated  by  studies  acquired  by  Seasat  SAR.  Vesecky  and 
Stewart  (1982)  report  that  SAR  has  the  capability  to  detect  features  such  as  fronts,  eddies, 
current  shear  and  bathymetry,  over  a  range  of  sc^es.  The  high  resolution  capabilities,  com¬ 
bined  with  the  available  synoptic  view,  will  improve  our  understanding  of  fine  scale 
coastal  processes,  providing  a  method  for  monitoring  meteorological  effects. 

The  test  area  selected  was  at  env.  80  km  North  of  Constanta,  which  is  partially 
included  in  the  Danube  Delta  region  (flg. 2).  The  chosen  area,  with  its  specific  ecosystem, 
inland  lakes  (Razelm,  Sinoe),  land  and  sea,  was  selected  because  of  the  available  ”in-situ" 
measurements. 


2.  DATA  ANALYSIS 


ZAl  Landsat  data 

The  segmentation  step  consists  in  dividing  a  sea  area  into  regions  that  differ  in 
terms  of  suspended  matter.  No  a-priori  knowledge  is  reouired  about  the  sea  conditions.  The 
segmentation  operator  is  based  on  a  low-level  data  fusion.' 

The  procedure  consists  of  the  following  steps:  first,  a  noise  reduction  is  carried  out 
(for  each  image)  by  applying  a  modal  filter,  which  replaces  the  grey  level  of  the  current  pixel 
with  the  most  probable  one  in  a  mask  of  7*7  pixels,  llien,  each  image  was  locally  analyst^  on 
square  windows  of  predefined  size  (64*64  pixels).  The  grey  level  histogram  was  used  to  evalu¬ 
ate  the  local  situation,  without  appreciable  distortion  caused  by  noise.  The  threshold  technique 
applied  for  each  image  will  separate  regions,  with  different  water  masses. 

After  merging  this  set  of  small  regions,  the  next  step  consists  in  creation  of  indi¬ 
vidual  graphic  planes,  each  plane  (bitmap)  covering  a  different  type  region  (which  was  then  as¬ 
signed  an  only  grey-value  -  flg.  3).  The  contour  of  these  zones  was  then  drawn  (using  an  edge 
detection  filter),  and  superimposed  on  the  original  image. 

To  compare  the  results  with  the  original  data,  channels  4  and  S  are  displayed 
(fig.4,S),  together  with  the  contours  of  the  homogeneous  regions,  detected  by  the  segmentation 
process.  For  a  correct  visualisation,  the  grey  levels  have  been  distributed  (stretched)  in  order 
to  facilitate  the  interpretation  by  the  human  user. 

2.1.  ERS-1  SAR  PRIdata 

As  reference  for  ERS-1  image  registration,  the  first  data  acquired  at  (  27.04.1993)  was 
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Fig.  1 .  An  overview  of  the  Danube  Delta  and  the  coastal  zone  of  the  Black  Sea. 


Fig.2.  The  test  area,  partially  included  in  the  Danube  Delta  region. 
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chosen  (table  1).  Since  ERS-1  keeps  a  very  stable  orbit,  with  often  less  than  KXX)  meters 
latitudinal  difference,  images  from  repetitive  orbit  891  were  registered  with  few  match 
points,  by  a  relative  shift  of  images. 

A  major  problem  is  that  the  backscatter  from  the  ocean  surface  is  plagued  with  speckle. 
The  multiplicative  noise  of  SAR  images  causes  difficulties  to  visual  perception.  Generally, the 
image  variation  is  proportional  to  the  backscatter  coefficient.  This  implies  that  a  proper 
filtering  process  is  need^  in  a  way  that  underlying  geophysical  signal,boundaries,  linear 
features  are  preserved  while  removing  the  non-geophysi^  variance.  The  related  to  radar 
interference  pattern  test  area  is  heterogeneous,  due  to  presence  of  a  complex  ecosystem: 
land,  coastal  lakes,  sea.  Conventional  filters  such  as  Mean,  Median  Edge  Enhancement  do 
not  account  for  the  scene  heterogeneity  while  adaptive  filters,  like  Frost,do.  Ikble  2  lists 
all  the  filters  applied  at  the  image  acquired  on  27.04. 1993,with  the  corresponding  overall  re¬ 
sults  in  statistics. 


Ikble  1.  Satellite  data  used 

Sensor  Date  of  acquisition  Frame  Orbit 


ERS-1  SAR  27.04.1993,2015  891  9320  ascendant 

ERS-1  SAR  06.07.1993,2015  891  10322  ascendant 

ERS-1  SAR  11.09.1993,0830  2709  11274  descendant 


Ikble  2.  Statistical  parameters  of  original  and  filtered  ERS-1  SAR  PRI  image 

Dim  9^  X  960  pixels  area. 


Min. 

Max. 

Mean 

o 

Skewness* 

Kurtosis* 

Original  data 

0 

1650 

111 

131 

2.38 

6.38 

Mean  filter  3 

X 

3 

0 

1243 

J.10 

123 

2.06 

4.04 

Mean  filter  5 

X 

5 

0 

1027 

110 

119 

1.84 

3 

Mean  filter  7 

X 

7 

0 

962 

109 

116 

1.81 

2.53 

Median  filter 

3 

X 

3 

0 

1312 

109 

122 

2.12 

4.42 

Median  filter 

5 

X 

5 

0 

1078 

107 

116 

1.96 

3.32 

Median  filter 

7 

X 

7 

0 

963 

106 

113 

1.88 

2.83 

Frost  Adaptive 

3  X 

:  3 

0 

1530 

111 

123 

*)  These  2  values  are  derived  from  comparing  the  distribution  of  the  value 
to  an  ideal  Gaussian  "  standard  ”  distribution. 

Skewness  -  when  positive,  the  ride  side  of  the  distribution  curve  is  " 
steeper  ”  than  the  left.  When  negative,  the  left  side  is  ^  steeper  ". 

Kurtosis  -  when  positive,  the  data  is  more  "  spiky  "  than  a  standard 
distribution.  When  negative,  the  data  is  more  broadly-distributed  than 
a  standard  distribution. 
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As  it  is  shown  in  table  2,  the  information  on  ocean  backscatter  appears  to  be  contained 
in  1 1-bit  range  data.  Hence  compression  of  the  data  to  8-bit  to  assist  data  handling  in  terms 
of  computer  space  and  screen  display  need  not  invalue  a  loss  of  dynamic  range. 

A  more  efHcient  computing  method  than  the  usual  bit  shift  the  data,  losing  some  least 
and  most  signiHcant  bits  is  presented  bellow.  The  input  data  (16  bit)  was  applied  first  a 
threshold  technique,  with  the  range; 

( Z. .-  2  crZ. .,  Z .  +  2  <rZ. .) 

'  ij  ij’  ij  ij' 

were  Z. .  is  the  grey  level  of  the  observed  SAR  pixel.  Then  the  data  is  fiirtherly  shrinked  to  fit 
in  8-bit  ‘f^ge. 

The  8-bit  images  are  studied  either  as  full  resolution  scenes  (960  x  960  pixels)  or 
averaged  over  blocks  of  3  x  3  pixels  to  provide  synoptic  view  of  an  area.  This  improves 
the  qi^ity  of  data,  reducing  the  speckle  by  averaging  effectively  multiplying  the  number  of 
looks  by  3. 

Fig.6  shows  4  registrated  subsections  (3  ERS-1  and  1  Landsat  images)  for  5  x  5  km  (960  x 
960  pixels)  of  land-sea  zone  near  Portita  and  fig.7  histograms  for  ERS-1  27.04  and  06.07 
scenes;  the  histogram  of  the  ERS-1  11.09  is  approximately  in  the  same  range  and  profile 
like  the  ERS-1  06.07  scene.  Most  relevant  for  detecting  sea  surfractants  is  the  image  a^uired 
at  11.09.1993  in  light  winds  (4  m/s),  with  wind  direction  from  SW  and  the  maximum  devia¬ 
tion  between  wind  and  current  direction  about  20. 

Ikble  3.  In  situ  measurements  for  test  area  on  ERS-1  SAR  PRI  images 


Image 

Orbit 

9320 

Frame 

891 

orbit 

10322 

Frcune 

891 

Orbit 

11274 

Freune 

2709 

Date 

27.04.1993 

06.07.1993 

11.09 

.1993 

Wind  direction 

S 

S 

SW 

Wind  speed 

2 

7 

4 

Sea  state 

2 

3 

2 

Sea  visibility 

5 

5 

1 

Land  visibility 

15 

15 

0,5 

Air  temperature 

11,7 

20,6 

15,3 

Sea  temperature 

9,2 

16,3 

18,1 

This  images  prove  the  ability  of  SAR  to  detect  fronts  over  a  range  of  wind  conditions. 
Close  inspection  of  tones  in  vegetated  area  shows  differences  in  coas^  vegetation  patterns. 
Lakes  reflectivity  is  clearly  different  than  the  sea  reflectivity  in  some  portions. 
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Fig. 6.  4  regi.strated  subsections  (3  ERS-l  and  1  Landsat) 

of  a  land-.sea  zone,  included  in  the  test  area. 
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3.1.  Landsat  data 


3.DISCUSSIONS 


In  the  processed  Landsat  images,  two  sources  of  continental  contributions  of 
sediments  are  clearly  visible:  one  (centre  left  of  the  image)  includes  the  gateway  between  the 
inland  lake  Sinoe  and  the  Black  Sea  and  the  other  one  (top  right)  corresponds  to  the  sediment 
discharges  and  dispersion  regime,  in  the  sea  region  of  the  Danube  Mouths. 

The  processed  image  reveals  a  good  consistency  with  the  "in-situ"  measurements 
(table  4).  The  measurements  were  taken  on  3  profiles,  env.  parallel  to  the  shore  line,  usir  2 
fixed  reference  points;  the  coordinates  (X,Y)  are  relative  to  one  of  these  points.  In  conse¬ 
quence,  the  analysis  of  the  obtained  results,  corroborated  with  the  terrain  measurements,  led  us 
to  the  following  conclusions: 

Thble  4:  Data  obtained  by  "in-situ"  measurements,  on  the  test  area 
(TSM  =  Total  Suspended  Matter;  ISM  =  Inorganic  Suspended  Matter;  OSM  =  Organic  Suspended 
Matter) 


X 

Y 

T.S.M. 

g/m^ 

I.S.M. 

g/m^ 

O.S.l 

g/m^ 

205.0 

417.2 

15.6 

5.0 

10.6 

227.0 

249.7 

22.0 

9.4 

12.6 

240.6 

122.1 

11.2 

3.8 

7.4 

243.6 

22.1 

17.4 

7.4 

10.0 

244.0 

-94,7 

12.4 

4.4 

8.0 

298.1 

-129.6 

13.6 

5.8 

7.8 

286.7 

-23.7 

12.2 

3.6 

8.6 

267.2 

123.1 

13  2 

4.6 

8.6 

246.9 

233.3 

15.4 

6.2 

9.2 

280.4 

362.0 

20.6 

8.6 

12.0 

460.8 

440.9 

15.0 

6.2 

8.8 

436.3 

269.0 

11.8 

2.6 

9.2 

427.2 

109.3 

17.8 

9.0 

8.8 

409.2 

-16.0 

8.8 

1.4 

7.4 

388.2 

-156.5 

14.0 

3.6 

10.4 

-  in  the  merging  region,  the  suspended  matter  concentration,  which  varied  from  a 
few  mg/1  to  tenths  of  mg/1,  in  the  4  and  5  spectral  bands  have  reflectances  (seen  as  different 
grey  level  values)  between  28-17  and  respective  between  24-13  (grey  level  values  are  com¬ 
prise  between  0-255). 

-  in  the  6  spectral  band,  the  merging  zone  is  not  as  evident  as  in  the  5  and  4  bands; 
along  the  shore  line,  till  the  end  of  the  image,  there  are  relative  high  reflectance  values  areas 
(10-16)  on  the  background  of  the  sea  water  (6-7),  indicating  the  presence  of  high  quantities  of 
chlorophyll. 
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Fig. 7.  Histograms  for  the  ERS-1  SAR.PRI  images,  acquired  on 
27.04.1993  and  06.07. 1993. 


Fig. 8.  Small  scale  turbulence,  near  Portita.  Fig. 9.  Surface  slicks,  observed  on  the  1 1 .09. 1993 

SAR.PRI  image. 
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3.2  ERS-1  SAR  PRI  data 


Typical  expressions  of  mesoscale  upper  ocean  current  features  in  radar  images  can  be 
characterised  by  two  types,  eddies  (including  jets  and  vortex  pairs)  and  ocean  current  fronts. 
These  expressions  are  caused  by  the  surfractants,  short  wave-current  interaction  along  shear 
and  convergence  dominated  frontal  boundaries,  and  rapid  shifts  in  the  surface  wind  stress 
connected  with  strong  ocean  thermal  fronts.^*^  Eddies  are  usually  manifested  in  SAR  images 
through  wave-current  interaction  outlining  the  curved  shape  of  the  eddy  or  indirectly  through 
the  presence  of  surfractants. 

In  fig. 8  the  SAR  image  obtained  near  Portita  shows  a  small  scale  turbulence  aligned  in 
the  direction  of  the  larger  scale  eddy  orbital  motion.  The  spiralling  lines  suggest  conver¬ 
gence  towards  the  eddy  centre.  Indications  of  convergence  suggest  that  this  cyclonic  eddy 
may  be  important  for  the  distribution  and  concentration  of  chlorophyll  a,  algae.  The  turbu¬ 
lence,  in  turn,  leads  to  convective  motion  in  the  water  that  can  bring  organic  material  present 
in  the  upper  layer  of  natural  surface  film.^  In  addition,  the  film  ^ge  may  reflect  the  short 
waves  ^at  propagate  oblique  angles  to  the  edge,  thus  limiting  the  advance  of  short  wave 
roughness  through  the  slick  covert  region. 

The  image  acquired  on  1 1.09.93  gives  us  also  the  possibility  to  visualise  sand  waves 
dominated  by  slicks  on  the  slightly  roughened  sea  surface  (fig. 9).  The  observations  of 
bottom  topography  with  imaging  radar  is  widely  known  after  the  SEASAT  mission  in  1978. 
Since  1984,  Alpers  and  Henning  have  noted  that  this  surprising  imaging  mechanism  consists 
of  three  steps: 

-  interaction  between  flow  and  bottom  topography  which  causes  variations  in  the  sur¬ 
face  current  velocity; 

-  variations  in  the  surface  current  velocity  give  rise  to  modulations  in  the  water  wave 
spectrum; 

-  modulation  in  the  wave  spectrum  show  up  as  spatial  variation  in  radar  backscatter.  Now 
this  theory  is  generally  accepted. 

The  decrease  in  velocity  and  therefore  convergence  of  some  small  surface  waves  produces 
the  bright  return  and  viceversa.  With  the  exception  of  high  wind  conditions  the  main 
bathymetric  features  in  the  region  are  regularly  detected  as  a  bright/dark  signature. 

However,  in  the  case  of  SAR  imaging,  in  addition  to  the  above  mentioned  amplitude 
or  cross-section  modulation,  phase  modulation  may  also  contribute  to  the  imaging.llie  sur¬ 
fractants  are  presumably  related  to  biological  productivity  in  the  sea.  For  them,  to  concentrate 
at  the  surface  and  to  make  visible  slicks,  there  is  both  an  upper  and  lower  wind  speed  limit. 
At  a  too  low  wind  speed,  the  surface  will  be  too  smooth  for  the  SAR  to  measure  a  return 
signal  whether  surfractants  are  present  or  not.  At  a  too  high  wind  speed,  roughness  due  to 
dominances  over  that  due  to  the  surfractant,  and  patterns  due  to  wave-induced  circulation 
replace  those  due  to  the  large  scale  patterns. 

4.  CONCLUSIONS 

The  intention  of  this  study  is  to  find  the  best  methods  for  investigating  the  specific 
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features  of  the  coastal  zones  of  the  Black  Sea.  Unfortunately  the  quantity  of  "in-situ”  data 
correlated  with  the  optical  satellites  Landsat  MSS  and  TM  was  p^r.  However,  the  image 
acquired  on  the  24  July  1975  shows  a  good  correlation  between  the  "in-situ"  measurements  and 
the  reflectivity.  In  future,  to  obtain  quantitative  maps,  a  large  quantity  of  "in-situ"  measure¬ 
ments  are  required  in  order  to  correlate  the  data  on  the  composition  and  size  of  suspended 
sediment  with  the  spectral  response  of  the  MSS  (4,5)  and  TM  (1,2)  channels. 

About  the  ERS-1  SAR  images,  they  were  acquired  in  1993,  at  the  ascendant  and 
descendant  nodes,  and  demonstrate  the  ability  of  the  SAR  to  repeatedly  detect  both  small  and 
large  (kilometres)  scale  features,  under  variable  wind  condition.  In  addition,  observation  of 
swell  and  coastal  refraction  patterns  may  provide  useful  input  for  modelling  the  beach  process¬ 
es. 


Images  acquired  at  27.04.93  and  1 1 .09.93  (wind  speed  less  than  4  m/s)  shows  excellent 
perturbation  on  the  slightly  roughened  sea  surface. 

There  is  no  doubt  that  ERS-1  SAR  data  will  open  up  interesting  new  opportunities  for  the 
scientific  study  of  complex  coastal  sea  dynamical  processes  and  lead  the  way  for  operational 
monitoring  by  satellite  SAR  for  coastal  management  purposes. 
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ABSTRACT 

Naturally-occurring  dissolved  organic  matter  (DOM)  is  a  majcH'  component  of  ocean  color  signatures,  especialfy  in 
coastal  transition  zones.  Accurate  characterization  of  DOM  (^rtkal  properties  is  crucial  for  accurate  measurement  of 
chloroph^  from  remotely-sensed  color  data  and  for  modelling  q)ectral  ligjit  penetration  in  the  oceaiL  Crarelation 
between  optical  properties  and  concentration  of  DOM  could  potentially  be  eaqplr^ed  to  evaluate  dissolved  vmsus 
particulate  carbon  fluxes  on  a  global  scale. 

Determination  of  DOM  optical  properties  is  made  difiScult  by  low  absorption  coefficients  and  by  generally  featureless 
absorption  spectra.  In  coastal  areas,  changes  in  the  humic  add:  fiilvic  add  ratio  of  gelbstt^  from  riverine  to  marine 
enviroiunents  cause  significant  changes  in  the  spectral  slope  parameter  but  are  difficult  to  predict  a  priori  and  imposdble 
to  measure  inthout  extracting  gelbstoff  from  seawater.  Fluorescence  is  orders  of  magnitude  more  sensitive  than 
absorption  and  can  be  used  to  distinguish  between  gelbstr^  from  terrestrial  and  marine  sources  without  preconcentration 
of  water  samples. 

Our  recent  results  from  a  wide  variety  of  natural  waters  show  that  DOM  optical  prqierties  are  a  function  of  physical, 
chemical,  and  biological  processes.  Detailed  flumescence  qrectroso^  shows  changes  in  the  optical  prcqierties  df 
gelbstoff  related  to  the  onset  of  marine  productivity  in  coastal  transition  zones  ubich  are  indicative  changes  in  diemicai 
composition  of  DOM.  The  magnitude  of  observ^  changes  in  optical  properties  caused  by  production  oi  new  marine 
gelb^off  and  its  subsequent  transformation  not  only  effects  spectral  absorptkm  and  reflectance  in  seawater  but  also  can 
provide  important  geochemical  information  on  carbon  tyding  in  the  ocean.  In  this  paper,  we  wiD  discuss  our  efforts  to 
use  fluorescence  to  aid  interpretation  of  variability  in  gelbstoff  q)ectral  slopes  for  development  nest  generation 
chloroph^  algorithms  and  for  development  of  an  optical  tracer  of  geochemical  processes  invtdving  diss<b'ed  organic 
carbon  (DOC). 


2.  INTRODUCTION 

Colored  DOM  (CDOM)  in  natural  waters  is  responsiUe  for  the  blue  fluorescence  of  seawater,*  and  has  been  called 
fuhdc  add,^  gelbstoff  (w  yellow  stufi^^  and  aquatic  hnmus.^  Many  articles  have  been  written  on  the  diemkal  properties 
and  strocture,^*^  optical  premrties,*^*^  distributkm  in  natural  wate^*^*^*’  and  problems  in  the  measurement  of 
gelbstoff  and  humic  substance,^^  induding  numerous  review  vohimes.^^  In  the  last  ten  years,  satellites  and  UDAR 
have  also  been  used  to  detect  gelbstoff.^'^*^ 

Gelbstoff  is  though  to  comprise  25%  of  the  total  dissolved  organic  carbon  (DOC)  pool  in  the  ocean,^^  ahhoo^  the 
amount  of  DOC  that  is  flumrescent  has  been  estimated  at  20-70%.^^  The  miyor  source  of  geOxtrrff  in  coastal  regions 
of  the  ocean  is  from  river  runoff  of  terrestrially-derived  humic  and  fiilvic  adds.  Marine  humic  stdistances  away  from 
continental  margins  have  a  ffistinctly  different  chemical  structure  and  or^  as  determined  by  C-NMR,*  H-NMR  and 
otlmr  qiectroscoinc  methods,^  elemental  analysis,  stable  isotope  analysis,  radiocarbon  content,  and  biomarimr  content. 
^  Terrestrial  humic  substaimes  are  more  aromatic  ami  h^  ratios  than  do  marine  humic 

substances,  and  many  possiUe  structures  have  been  proposed.^***’^*^  Marine  humic  material  is  thou^  to  be  derived 
from  decomposition  products  ot  marine  organisms,  ehher  directly  as  unutilized  macromolecnles,*^  or  indirect^  by 
condensation  of  smaller,  non-fluorescent  compounds.*^  Although  humic  substances  in  freshwater  and  seawtter  have 
diaiimiUf  sources  and  differ  diemically,  previous  rqiorts  of  similarities  and  diffoences  in  optical  properties  have  been 
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contradictory  in  many  cases.  Discrepancies  in  measurements  may  be  due  to  comparison  of  measurements  from  different 
regions  of  the  spectrum,  failure  to  correct  for  differences  in  instrumental  configuration,  interdependence  of  excitation  and 
emission  spectra,  or  inherent  differences  in  the  fluorescence  properties  of  DOM  from  different  sources. 

Interest  in  gelbstoff  measurements  is  driven  by  two  major  goals.  The  first  is  to  understand  and  correct  for  gelbstoff 
interference  in  estimates  of  chlorophyll  concentrations  derived  from  ocean  color  measurements.  In  areas  where  gelbstoff 
concentrations  are  high,  as  in  coastal  regions,  much  of  the  absorbance  in  the  blue  region  is  due  to  DOM  and  not 
chloroph^^^^  and  gelbstoff  fluorescence  can  be  a  significant  component  of  the  upwelled  radiance  in  waters  containing 
low  amounts  of  chlorophylL^^^ 

The  second  major  goal  is  to  use  gelbstoff  concentrations  to  estimate  the  role  of  DOC  in  the  global  carbon  budget. 
Fluorescence  of  CDOM  is  a  useful  indicator  of  DOC  transport  from  rivers  to  oceans,^^'^  from  sediment  porewaters  to 
overlying  bottom  waters,^  and  possibly  of  new  DOC  from  the  euphotic  zone  to  deepwater.  It  is  also  an  indicator  of 
potential  photochemical  reaction  rate  for  some  compounds.^  The  effects  oi  these  processes  on  gelbstoff  concentrations 
and  optical  properties  have  not  been  investigated. 

Since  fluorescence  of  gelbstoff  in  natural  waters  is  more  easily  and  conveniently  measured  than  absorbance, 
fluorescence  has  been  extensively  used  in  regions  v^ere  gelbstoff  concentrations  are  ven  low.  Moreover,  a  very  high 
degree  of  correlation  between  gelbstoff  fluorescence  and  absorbance  have  been  shown.^*’^^  Recent  improvements  in 
fluorescence  spectroscopy,  including  laser  exdtation  sources,  hi^ily  sensitive  multichannel  detectors,  and  rapid-scan 
monochromators,  make  collection  of  high  resolution  natural  fluorescence  data  possible  within  a  few  minutes.^^ 
Application  of  these  techniques  to  the  study  of  seawater  DOM  has  demonstrated  that  optical  properties  can  be  used  to 
distinguish  between  water  masses  from  various  sources.^^ 

This  paper  is  intended  partially  as  a  review  of  the  optical  properties  gelbstoff  and  partially  as  an  illustration  of  new 
insights  gained  when  one  uses  a  broader  wmdow  for  observation  those  optical  properties.  Specific  examples  obtained 
by  extending  absorbance  and  fluorescence  measurements  mto  the  UV  range  and  1^  using  multiple  excitation  wavelengths 
to  observe  fluorescence  spectra  will  be  presented.  The  focus  will  be  on  how  the  optical  properties  of  CDOM  vary 
spatially  in  coastal  regions,  vdiat  they  reveal  about  the  chemical  composition  of  gelbstoff,  and  which  are  most  useful  for 
discerning  the  geochemistry  of  DOM  in  the  oceans. 

3.  METHODS 

Water  samples  were  collected  at  28  stations  m  the  northwestern  Gulf  of  Mexico  between  the  Mississippi  River  outflow 
and  the  mouth  of  Tampa  Bay.  Samples  from  all  locations  were  filtered  through  GF/F  (Whatman)  filters  and  stored 
frozen  for  up  to  four  months  prior  to  analysis.  Exdtation-emisaon  matrix  spectroscopy  was  performed  using  a  SPEX 
Fluorolog  n  vang  a  previously  described  method.^  Absorbance  was  measured  versus  MilliQ  (Millipme)  water  in  10 
cm  quartz  cuvettes  on  a  Hitachi  UV3300.  All  absorbance  spectra  were  corrected  for  scattering  by  subtracting  the 
absorbance  value  at  TOOnm. 


4.  OPTICAL  PROPERTIES 

The  general  optical  properties  of  gelbstoff  have  been  known  for  many  years.  It  b  yellow  m  color  and  emits  a  Uue 
fluorescence  v^en  excited  by  near  UV  light.  Absorption  coefficients  increase  exponentially  firmn  visible  to  UV 
wavelengths.  Measurement  of  absorption  coefficients  in  seawater  are  difficult  without  a  long  p^  spectrophotometer, 
and  corrections  must  be  made  for  errors  due  to  scatter.^  Measurement  of  fluorescence  has  suffer^  from  difficulties 
in  correcting  for  errors  due  to  absorption  by  optical  components  of  different  instruments.  Measurements  of  both  types 
have  rarely  been  made  at  wavelengths  shorter  than  350  nm,  vbere  much  of  the  CDOM  critical  signal  b  located,  and  even 
more  rare  are  studies  in  which  all  the  relevant  optical  parameters  have  been  measured  on  the  same  samfdes.  The 
parameters  of  interest  include:  absorption  coefficient  frmn  250  nm  to  700  nm,  fluorescence  intensity,  excitation  maximum 
(Ex^.,),  emisskm  maximum  (Em,...),  and  fluorescence  efficiency,  whidi  b  the  ratio  of  fluorescence  to  absorption 
(F/a). 
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4.1  Gelbstoff  absorption  coefBcents  and  spectr&i  slope. 

Typical  absorption  spectra  for  gelbstoff  from  a  coastal  re^on  are  shown  in  figure  1  for  samples  collected  in  the  Gulf 
of  Mexico.  Stations  1  and  2  were  in  the  plume  from  the  Mississippi  River  and  the  other  stations  were  farther  offrhore 
in  the  clear,  oligotrophic  waters  of  the  Gulf  Loop  Current.  As  expected,  absorption  coefficients  decrease  in  the  offshore 
direction.  Values  for  the  coefficients  are  within  the  range  of  published  values  for  other  areas.^’^^  The  natural  logarithm 
transformation  is  more  effective  at  linearization  of  data  from  highly  absorbing  samples  than  from  "bluewater”  samples. 

Least  squares  regression  fits  of  the  log  transformed  absorption  data  versus  wavelength  generate  a  slope  parameter,  S, 
which  has  been  used  to  extrapolate  gelbstoff  absorption  measurements  from  the  UV  to  the  visible  range,^  and  to 
compare  optical  properties  of  aquatic  humic  substances  from  different  natural  waters.^^  The  spectral  slope  factor  of 
gelbstoff  absorbance  was  initially  shown  to  be  independent  of  water  mass  type  between  375-500  nm.^  However,  it  has 
recently  been  shown  that  S  is  both  wavelength  dependent  and  water  mass  type  dependent  when  calculated  over  two 
shorter  intervals,  370-440  and  440-S6S  nm.  Spectral  slope  mcreases  with  decreasing  wavelength  of  measurement  and  with 
increasing  fiilvic  add  to  humic  add  ratio.^^ 

Results  from  the  Gulf  of  Mexico  support  both  sets  of  predous  results.  Values  of  S  were  calculated  over  four 
wavelength  intervals  (Table  1).  Spectral  slopes  in  two  of  these  ranges,  280-312  nm  anJ  36S-43S  nm,  are  plotted  as  a 
function  of  CDOM  fluorescence  in  Figure  2.  Slopes  for  the  UV  range  are  much  higher  than  for  the  blue  range,  and  both 
sets  of  data  show  strong  dependence  of  S  on  fluorescence  intensity.  Since  fluorescence  correlates  highly  with  gelbstoff 
absorption  coeffident,  this  result  indicates  a  change  in  spectral  slope  vnth  gelbstoff  concentration.  Wavelength 
dependence  is  minor  for  samples  with  high  gelbstoff  content,  but  chan^  eiqwnentially  as  gelbstoff  content  decreases. 
What  is  surprising  is  the  reversal  in  the  sign  of  the  concentration  dependence.  Spectral  slopes  calculated  over 
intermediate  wavelength  ranges  fall  between  these  two  extremes,  vnth  downward  curvature  between  365-404  nm  and 
insignificant  to  slight  upward  curvature  between  312-365  nm  (Table  1). 

Table  1.  Spectral  slopes  of  absorption  coeffident  calculated  between  different  wavelength  intervals  using  the  equation: 
a(A)  =  a(A^  exp  [-S(A-A J,  A  in  nm.^  Data  are  from  surface  waters  of  the  Gulf  of  Mexico.  Number  of  observations 
equals  26  for  each  calculation,  s.d.  is  standard  deviation. 


A 

S 

s.d. 

280 

312 

0.0257 

±0.0056 

312 

365 

0.0175 

±  0.0018 

365 

404 

0.0157 

±0.0025 

404 

436 

0.0146 

±0.0031 

365 

436 

0.0151 

±0.0027 

The  changes  in  S  with  gelbstoff  concentration  reflect  the  greater  degree  of  curvature  in  the  log-linear  absorpticm  data 
of  ’bluewater*  samples  shown  in  Figure  1.  Thu  feature  has  previously  been  attributed  to  UV  oxidation  of  organic  matter 
at  the  short  wsible  wavelengths  and  to  an  increase  in  absorption  due  to  inorganic  constituents  in  open  ocean  waters.^ 
It  has  been  shown  recently  that  the  photobleaching  rate  and  the  rate  of  production  of  low  molecular  wei^t  organic 
compounds  are  proportional  to  the  absorption  coeffident  for  gelbstoff.^  The  effects  of  radiation  below  312  nm  are 
mitigated  by  strong  absorbance  of  these  wavelengths  by  water  molecules.  Selective  photod^adation  of  gelbstcdf 
components  which  absorb  in  the  blue  range  of  the  visible  spectrum  and  concomitant  production  of  new,  lower  molecular 
wei^t  compounds  which  absorb  most  strongly  in  the  UV  may  explain  the  observed  curvature  of  the  open  ocean  samples. 

The  observed  changes  in  S  could  also  be  caused  by  the  production  of  new  organic  material  by  biological  activity. 
Compounds  such  as  proteins,  amino  adds,  and  carbohydrates  aO  absorb  more  strcmgly  m  the  UV  than  in  the  visible 
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range.  Evidence  for  a  diurnal  cyde  in  UV-absorbing  compounds  from  the  equatorial  Pacific  Ocean  supports  this 
possibility  (Coble,  unpublished).  For  the  Gulf  of  Menco  data  discussed  in  this  paper,  chloroph^  values  were  very  low 
in  the  of^ore,  low  gelbstoff  samples,  so  photodegradation  is  a  more  likely  e}q>lanation.  However,  these  data  indicate 
that  the  spectral  slope  of  gelbstoff  absorption  in  the  UV  range  may  provide  a  useful  indicator  of  extent  of 
photodegradation  versus  other  geochemical  processes.  Such  processes  indude  dilution  between  freshwater  and  seawater 
uiiich  would  be  e:q)ected  to  decrease  gelbstoff  absorption  without  changing  S,  and  biological  activity  wiiich  would  change 
both  S  and  gelbstoff  concentration. 

42  Fluorescence  properties 

Gelbstoff  is  also  fluorescent,  with  emission  peaks  at  420-450  nm  from  exdtation  at  220-250  and  320-350  nm.^^’^*^  The 
detailed  spectral  exdtation  and  emission  information  obtained  udng  high  resolution  fluorescence  spectroscopy,^^’^ 
provides  a  more  complete  view  (rf  optical  properties  and  chemical  composition  of  aquatic  humic  substances  than 
measurements  of  a  single  exdtation  and  emission  spectrum.  In  this  technique,  emission  spectra  are  measured  between 
270  and  710  nm  at  forty  separate  exdtation  wavelengths  between  260  and  455  nm,  generating  an  exdtation-emission 
matrix  (EEM).  Emitation  and  emission  maxima  can  be  independently  determined  from  these  EEMs.  Furthermore, 
absorption  coeffidents  at  each  exdtation  wavelength  can  be  used  to  generate  relative  flumescence  effidendes  over  the 
entire  matrix.  The  biggest  advantage  to  the  technique,  however,  is  that  it  is  sensitive  enough  so  that  no  preconcentration 
or  extraction  of  CDOM  from  seawater  is  necessary,  thus  eliminating  the  potential  for  chemical  alteration  or  selective 
retention  of  certain  components  which  hamper  other  techniques  used  for  CDOM  measurement  and  characterization. 

figure  3  shows  EEMs  from  a  pure  solution  of  quinine  bisulfate  and  from  a  typical  coastal  water  sample.  Both 
topographic  and  three-dimensional  views  are  shown  to  better  illustrate  both  relative  intensities  and  location  of  maxima. 
The  exdtation  spectrum  of  a  pure  compound,  ^en  properly  corrected,^’^  should  be  the  same  as  the  absorption 
spectrum.^  The  shape  and  position  of  the  emission  maximum  is  usually  independent  of  exdtation  wavelength,  with  only 
its  intensity  variable.  Likewise,  the  position  and  shape  of  exdtation  maximum  is  independent  of  the  wavelength  at  which 
emission  is  monitwed.  This  results  in  round  contours  in  a  topographic  view  of  an  EEM  for  a  simple,  single  fluorophore 
such  as  quinine  bisulfate  (Fig.  3,  left).  Notice  that  quinine  sulfate  has  a  seomd  fluorescence  maximum  from  UV 
exdtation  at  260  nm.  The  actual  maximum  is  beyond  the  lower  exdtation  limit  for  this  EEM,  however  the  fact  that 
emission  maximum  occurs  at  the  same  wavelength,  450  nm,  for  both  exdtation  maxima  indicates  that  both  peaks  are  due 
to  the  same  fluorophore. 

The  EEM  for  the  naturaHy-occurring  aquatic  humic  material,  taken  from  the  Columbia  River  Estuary,  differs  from 
the  quinine  bisulfate  EEM  in  several  respects.  The  fluorescence  maximum  in  the  region  of  340/430  nm,  wdiich  has  been 
used  for  most  previous  measurements  of  gelbstoff  fluorescence,  shows  an  elongated  fluorescence  maximum  in  topograidiic 
view  (peak  C  in  Fig.  3).  The  position  of  the  emission  maximum  shifted  towards  the  red  as  light  of  successively  lo^r 
wavelength  is  used  for  exdtation.  This  is  indicative  of  a  mixture  of  fluorescent  compounds,  or  the  presence  of  a  complex 
fluorophore  in  vrfikh  energy  can  be  transferred  internally,  and  is  condstent  with  condusions  from  chemical  analyses  that 
aquatic  humk  substances  are  chemically  complex  and  <^cult  to  characterize.  The  peak  at  260/450  (peak  A)  probaUy 
represents  humic  substances  fluorescence  at  a  second  exdtation  wavelength,  althmi^  the  emission  maximum  for  this  peak 
is  not  always  at  the  same  wavelength  as  that  at  Ex=340  nm,  and  the  relative  intensity  of  the  two  peaks  is  also  somewhat 
varud>le.  Both  of  these  observations  suggest  some  variability  in  the  cmnpositkm  and  relative  concentrations  of  the 
fluM'oidiores  responsible  for  these  peaks  in  natural  waters.  The  fact  that  gelbstoff  exdtatkm  spectra  have  two  maxima 
has  largely  been  overlooked  by  previous  studies,  possibly  because  spectra  have  not  been  corrected.^  An  additional  peak 
at  Ex/Em  «  275/310  (peak  B)  indicates  that  components  other  than  aquatic  humic  substances  are  present  in  natural 
waters.  The  peak  B  maximum  is  located  in  the  regkm  where  proteins  and  the  amino  add  tyrosine  have  fluorescence 
maxima,^  although  the  chemical  identity  of  this  peak  in  natural  waters  has  not  yet  been  verified. 

The  positions  Ex.,.,  and  Em,...  of  gelbstoff  fluorescence  are  other  critical  parameters  of  mterest  Fluorescence  and 
mtdtation  madma  have  been  found  to  vary  with  observation  wavelength  not  only  within  the  EEM  of  a  g^ven  sample,  but 
also  between  samides  of  different  origin,  with  Em.,.,  for  samfdes  from  offslmre  shifted  towards  the  blue  relative  to 
Em^.,  for  coastal  samples.^^  Exdtation  maxima  of  marine  samples  are  also  blue-shifted  relative  to  Ex„.,  for  riverine 
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samples.^  Variations  in  spectral  shape  could  present  problems  when  algorithms  are  dependent  upon  such  factors  as 
peak  width  at  half  height,^  and  normalization  to  Raman  peaks.^  Variation  in  spectral  shape  is  also  indicative  of 
a  difference  in  chemical  composition  of  the  sample,  with  blue-shifted  excitation  and  emission  generally  indicative  of  a 
higher  relative  proportion  of  lower  molecular  weight  compounds. 

An  example  of  variability  in  Em,^  and  spectral  shape  is  shown  in  Figure  4  for  samples  from  Rio  Madeira  (a  tributary 
of  the  Amazon  River)  and  from  the  coastal  waters  of  the  Gulf  of  Maine.  At  Ex  =  310  run,  the  variation  in  Emn,,,  is 
largest,  with  fluorescence  maxima  offset  by  as  much  as  40  nm.  Spectral  shapes  are  also  different  at  Ex  =  310  nm  (Hg. 
4A),  with  marine  samples  showing  a  greater  amount  of  blue  fluorescence  and  terrestrial  samples  showing  more  green 
fluorescence.  At  Ex  =  3S0  nm  (Hg.  4B),  the  Em^^  appear  to  be  only  slightly  offset,  but  the  freshwater  Rio  Madeira 
sample  still  has  more  long  wavelength  fluorescence.  At  Ex  =  430  nm  (Fig.  4C),  spectral  shape  and  position  of  Em,„„ 
are  the  same  for  both  samples.  These  results  may  explain  the  apparent  discrepancy  in  previous  studies  as  to  whether  or 
not  there  was  a  difference  in  Em,^  for  different  natural  waters.  Hie  position  of  the  Emg,^  is  dependent  on  choice  of 
exdtation  wavelength,  and  measurements  at  a  single  excitation  cannot  be  extrapolated  to  other  wavelengths.  Excitation 
maxima  also  occur  at  slightly  shorter  wavelengths  for  marine  samples  than  for  riverine  samples,  makii^  it  impossible  to 
quantify  either  of  these  parameters  without  using  some  type  of  multispectral  fluorescence  technique. 

The  differences  in  Ex^  and  Em^^  also  clearly  demonstrate  compositional  changes  in  gelbstoff  between  nearshore 
and  offshore  re^ons.  Although  the  cause  of  these  differences  is  still  poorly  understood,  measurement  of  optical 
parameters  can  be  used  to  characterize  the  relative  contribution  of  each  type  to  CEX)M  of  a  given  sample. 

43  Fluorescence  efficiency  and  estimation  of  absorption  coefficient  ftrom  fluorescence. 

A  high  degree  of  correlation  has  been  found  between  fluorescence  and  absorption  coefficient  in  the  regions  studied 
thus  far,  but  errors  in  retrieval  of  gelbstoff  absorption  coeffidents  can  be  as  high  as  a  factor  of  Since  estimates 
of  fluorescence  effidendes  of  gelbstoff  vary  up  to  23-fold  for  a  wide  range  of  water  types,*^’^^’^  part  of  the  error  in 
estimation  of  absorption  from  fluorescence  is  due  to  variability  in  chemical  composition  rather  than  to  measurement 
errors. 

The  data  from  the  Gulf  of  Mexico  (Fig.  S)  are  in  agreement  with  these  previous  findings.  The  correlation  coeffident 
for  the  relationship  betrveen  absorption  coeffident  and  fluoresr^nce  for  the  entire  data  set  is  r =0.97.  Estimates  of  errors 
in  absorption  coeffident  range  from  10%  at  high  values  to  60%  at  low  values  of  absorption  (0.09  -  1.88  m'^). 
Fluorescence  to  absorption  ratios  vary  by  a  factor  of  2.5  over  the  entire  data  set,  with  highest  values  in  river  plume 
samples. 

Regression  equations  for  total  integrated  fluorescence  versus  absorption  coeffident  also  show  some  variation  vrith 
wavelength  at  wiiich  fluorescence  is  exdted  (Table  2).  The  slope  of  the  regression  line  increases  between  300  and  350 
nm,  indicating  more  fluorescence  per  light  absorbed  at  the  longer  wavelengths.  The  magnitude  of  the  effect  is  somevriut 
exaggerated  by  indusion  of  the  river  plume  data,  however  variability  in  F/a  is  another  indicator  of  variability  m  chemical 
compodtion  of  the  CDOM  in  seawater. 

The  more  detailed  variability  in  F/a  for  individual  samples  from  the  Gulf  of  Mexico  can  readily  be  seen  in 
absorption-normalized  EEMs  (Rg.  6).  The  top  panel  shows  a  surface  water  sample  from  within  the  Mississippi  River 
plume.  The  F/a  maximum  at  Ex/Em  =  400/480  nm  occurs  at  longer  wavelength  than  the  maximum  in  fluorescence 
intensity  (Ex/^  >  320/420  nm).  The  middle  panel  shows  a  surface  sample  from  Station  10,  adiich  is  farther  offshore. 
The  normalized  EEM  has  a  shape  similar  to  that  at  Station  1,  but  the  overall  F/a  values  are  lower  by  a  factor  of  2-23. 
The  bottom  panel  shows  a  normalized  EEM  for  a  subsurface  sample  also  taken  at  Station  10  at  the  depth  of  the 
chlorophyll  maximum.  This  EEM  clearly  shows  a  second  peak  located  at  Ex/Em  =  310/405  nm.  These  spectra  are 
indicative  of  the  different  nature  and  composition  of  gelbstoff  vriuch  cannot  be  observed  with  single  pomt  determinations 
of  optical  properties. 
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Table  2.  Least  squares  regression  data  for  total  integrated  fluorescence  intensity  (ppb  QS)  as  a  function  of  absorption 
coeffident  (m*^)  for  surface  data  from  the  Gulf  of  Mexico.  Fluorescence  data  from  exdtation  at  each  wavelength,  A| 
listed  in  table  were  integrated  between  (Aj  +  10)  and  (A|  +  2S0)  nm  and  regressed  versus  absorption  coefiBdent  measured 
at  the  aiqurr^niate  exdtation  wavelength.  S  =  slope  ±  standard  error;  I  =  intercept  ±  standard  error;  r  =  OHrelation 
coefiBdent;  n  =  number  of  observations. 


Wavelength 
(a;  Ex(A)nm) 

S 

I 

n 

r2 

300 

511  ±  25 

-106  ±  199 

28 

0.94 

320 

634  i  28 

-97  ±  163 

28 

0.95 

350 

819  ±  41 

-98  ±  141 

28 

0.94 

Since  the  parameter  of  interest  in  remote  sensing  of  chlorophyll  is  the  absorbance  due  to  gelbstoff  at  436  nm,  the 
absorbance  manmum  of  chlorophyll,  several  optical  parameters  of  gelbstoff  were  investigated  to  see  which  was  the  best 
predictor  of  aj[436).  Absorption  coefiGdents  at  280,  312,  365,  and  404  nm  are  all  hj^ily  anrelated  with  absorbance  at 
436  nm,  as  is  fluorescence  at  45S  nm  exdted  at  350  nm.  None  of  these  parameters,  however,  is  as  good  a  predictor  of 
ag(436)  as  is  the  spectral  slope  calculated  between  365-436  nm. 

5.  GEOCHEMICAL  APHJCATIONS 

Dissolved  fluorescence  doe  to  gelbstoff  has  previoosfr  been  shown  to  vary  with  salinity^^'^  and  DOC^’^^  in  coastal 
regions,  and  to  increase  with  depth  in  open  ocean  areas.^^’^*^^’^^  In  digotrophic  areas,  however,  gelbstoff  fluorescence 
and  DOC  concentration  are  inversely  related  due  to  photodegradation  in  surface  waters.^  A  positive  correlation  has 
been  found  between  DOC  and  gelbstoff  fluorescence  in  sediment  porewaters  and  in  the  water  cdumn  directly  above 
organic-rich  sediments,  although  this  appears  to  be  a  minor  source  of  gelbstoff  in  the  ocean.^ 

These  observations  provide  the  basis  for  optical  measurement  of  geochemical  properties  of  seawater  v^iich  could  be 
eiqploited  on  remote  sensing  or  in  sUu  platforms.  Despite  potential  problems  with  regional  dependence  correlations 
and  non-linearities  due  to  biolopcal  or  photochemical  processes,  preliminary  results  indicate  that  optical  measurements 
of  gelbstoff  may  prove  very  useful  over  limited  temporal  and  spatial  scal^*^^^*^^  Addition  of  measurements  at 
multiple  wavelengths  to  maximize  the  compositional  informatiem  retrieved  could  extend  the  applicability  of  this  approach 
by  increasing  the  number  of  measurable  parameters. 

The  protem-like  flumvscence  (peak  B  in  Fig.  3,  right)  is  of  special  interest  in  the  study  of  geochemistry  oi  seawater 
for  several  reasons.  Its  [voteia-like  nature,  as  evi^nced  both  by  its  spectral  properties  and  by  hs  distiibutkm  patterns, 
62,64,65,76  sgggegtg  tlmt  it  is  associated  with  biologically-prodoced  DOC  that  is  3ioonger  and  more  labile  than  humic 
material.  Its  distiibutkm  is  uncoupled  from  that  of  gelb^off  fluorescence  and  it  behaves  non-conservativdy  in  estuaries, 
thereby  providing  an  independent  tracer  of  processes  other  than  mbdiig.  Its  fluorescence  at  300-340  nm  can  be  mcne 
intense  than  gelbstoff  fluorescence,  especially  in  productive  regions,  and  it  may  therefore  be  important  in  radiance  burets 
of  UV  light  in  the  oceaiL 

6.  CONCLUSIONS 

The  ability  to  rafudly  measure  DOM  flurn’escence  with  high  resrdution  at  multiple  wavelengths  has  led  to  a  revised  and 
erqpaiKled  viewof  the  natural  fluorescence  of  seawater.  Such  parameters  as  spectral  shape  of  absorptkm  and  fluorescence 
curves,  position  of  exdtatkm  maximum,  position  of  emission  maximum,  and  relative  fluorescmice  efficiency  provide 
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information  pertaining  to  the  chemical  composition  of  CDOM  in  natural  waters,  but  are  dependent  upon  the  wavelengths 
at  which  measurements  are  made  as  well  as  on  the  source  of  the  sample.  Accurate  measurement  of  DOM  fluorescence 
parameters  requires  multichannel  excitation  and  collection  of  emission  spectra  rather  rhan  sin^e  point  determinations. 
Two  channels  at  Ex  =  310  and  350  nm  could  be  used  for  differe 

ntiation  of  marine  vs.  terrestrial  DOM.  Excitation  at  270  nm  would  permit  measurement  of  protein-like  fluorescence. 
Direct  measurement  of  the  contribution  of  gelbstoff  fluorescence  to  chloroph^  fluorescence  could  be  obtained  by 
collecting  an  emission  spectrum  at  excitation  435  nm,  the  same  wavelength  us^  for  excitation  of  chloroph^  a. 

Two  distinct  pools  of  CDOM  can  be  identified  in  coastal  repons  based  on  optical  properties.  Transition  between  the 
two  types  is  due  to  some  combination  of  physical  mixing,  biolo^cal  acti\ity,  and  geochemical  transformation,  but  what 
actually  happens  is  poorly  understood.  Additional  studies  focused  in  the  coastal  transition  zone  will  lead  to  an  improved 
understanding  of  DOM  geochemistry  as  well  as  to  unproved  algorithms  for  conversion  of  ocean  color  to  dissolv^  and 
particulate  carbon  concentrations. 
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Figure  1.  Natural  logarithm  of  absorption  coefBdent 
(m*^)  versus  wavelength  for  four  representative  samples 
from  Gulf  of  Mexico  surface  water.  Curves  are  from 
(top  to  bottom)  Sta.  2  and  1,  (Mississippi  River  plume) 
and  10  and  3  (Loop  Current). 


Figure  2.  Absorption  spectral  slope  versus  fluorescence 
intenrity  (paris  per  billion  quinine  bisulfate 
equivalents)  .  Filled  trian^es  represent  spectral  slopes 
calculated  between  280  and  312  nm,  and  Xs  represent 
calculations  over  the  interval  from  36S  to  436  nm.  See 
Table  1  caption  for  equatimi  used  in  calculations. 
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figure  3.  EEMS  for  quinme  bisulfate  (left)  and  Columbia  River  Estuary  water  (right).  See  text  for  explanation  of  peak 
labels. 
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iMgure  4.  Fluorescence  emission  spectra  as  a  hmction  of  excitation  wavelength  for  a  freshwater  sample  from  Rio  Madeiro, 
a  tributary  in  the  Amazon  River  System  (heavy  line),  and  from  a  seawater  sample  from  the  Gulf  of  Maine  (light  line). 
Fluorescence  intensities  are  relative  and  have  been  set  to  hill  scale  for  each  panel. 
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figure  5.  Absorption  coefficient  at  365  nm  (m'^)  versus  fluorescence  intensity  (parts  per  billion  quinine  bisulfate 
equivalents)**^  for  surface  waters  of  the  Gulf  of  Menco. 
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Figure  6.  Absorption  normalized  EEMS  for  three  types  of  water  sample  collected  in  the  Gulf  of  Mexico.  Station  numbers 
as  in  Fig.  1.  F/a  units  of  counts  per  second  *  m  can  be  converted  to  ppb  QS  *  m  by  multiplying  by  1.52  X  10"^. 
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ABSTRACT 

In  Sweden  work  on  airborne  depth  sounding  lidar  has  taken  place  during  more  than  ten  years.  Activities  include  the  development  of 
a  helicopter  borne  lidar  called  FLASH^'^  as  well  as  instrumentation  (HOSS)  for  in  situ  measurement  of  the  optical  water 
parameters^.  These  instruments  have  been  used  in  rather  extensive  field  trials  some  of  which  will  be  discussed  in  more  d^l. 

Recently  ws  have  been  engaged  in  analysis  of  lidar  data  to  determine  system  performance  and  possible  ways  to  (^mise  that  in 
relation  to  lidar  parameters  and  anticipated  bottom  depth  and  topography.  Examples  from  that  analysis  will  be  presented. 
Comparisons  between  laser  and  acoustic  soundings  will  be  presented. 

The  FLASH  system  has  been  further  developed  into  two  operational  systems  called  Hawk  Eye  with  Saab  Instruments  as  the  main 
contractor  and  Optech  Inc.  as  the  main  subcontractor.  The  first  of  these  two  systems  has  now  been  delivered  fm-  helicopto' 
installation  and  acceptance  flights.  Data  from  Hawk  Eye  will  hopefully  be  available  at  the  time  of  the  meeting  and  will  be 
discussed.  FOA  are  members  of  the  Hawk  Eye  project  team  together  with  the  Swedish  Hydrograi^  Service,  the  Swedish  Navy  and 
the  Swedish  Material  Administration  (FMV). 


1.  INTRODUCTION. 

Airborne  laser  depth  sounding  (lidar  bathymetry)  is  one  of  the  most  promising  techniques  for  rapid  and  high  density  sounding  of 
shallow  waters.  This  promise  also  includes  high  mobility,  cost  effectiveness  and  easy  administration  due  to  a  low  need  of 
manpower.  The  oceanographic  lidar  can  be  extended  to  include  remote  sensing  of  the  water  c^tical  parameters,  chlorophyll 
monitoring,  oil  slick  detection  and  classification,  fish  detection  and  more.  Although  the  great  majority  of  remote  sensing  results  of 
oceans,  lakes  and  rivers  come  from  passive  sensors  (visible,  IR  and  microwave)  the  lidar  adds  anotbrar  dimension  in  the  form  of 
depth  resolution  and  at  least  some  degree  of  absolute  measurement  capability  which  is  hard  to  obtain  by  passive  sensors.  Data 
fusion  between  passive  and  active  optical  sensors  for  remote  sensing  seem  to  be  a  promising  method  to  fuilher  increase  the  data 
quality  and  area  coverage.  However  little  data  fusion  work  has  so  far  been  presented  in  hydrographic  remote  sensing. 

Oceanographic  lidars  have  lately  been  developed  and  used  in  Sweden  (FLASH* '2,  Hawk  Eye^’^),  USA  (AOL®*^,  ABS  NORDA®, 
0WL9,  SHOALS*0),  Australia  (LADS*  *>*2,  WRELADS'^),  Canada  (LARSSEN-500*'*),  Russia  (Chaika*5.  Makrei-n*^ 
G0I*2)  and  China  (BLOL**). 

Due  to  the  development  in  short  pulse  high  prf  green  laser  technology  and  the  nq>id  development  in  data  handling,  storage  and 
processing,  scanning  lidars  are  now  in  operational  use.  So  far  howevo-  the  number  of  publications  on  performance  compared  with 
experimental  data  are  very  few  especially  in  situations  with  irregular  bottoms.  This  paper  will  try  to  address  some  of  these  issues. 

2.  HOW,  WHEN  AND  WHY  TO  USE  LIDAR  BATHYMETRY  ? 

Lidar  bathymetry  has  some  more  or  less  obvious  advantages  as  mentioned  above.  The  airborne  operation  and  the  minimum  dq>th 
achievable  (slm)  allow  operation  <in  areas  difficult  for  ships  such  as  archipelagos  with  numerous  small  islands,  reefs  and  narrow 
ship  routes.  The  rapidness  enables  resurvey  in  areas  where  the  depths  are  often  changing  such  as  sand  bottoms.  The  minimum 
depth  of  about  1  m  is  of  importance  in  waters  with  frequent  yachting.  The  high  area  coverage  rate  (today  typically  20  km2  per  hour 
at  5  m  spot  distance  or  80  km2  at  10  m  distance)  is  especially  valuable  with  regard  to  the  vast  areas  classifted  as  inadequately  or 
not  surveyed  In  a  recent  IHO  study  *^  it  was  concluded  that  these  areas  are  71  %  of  the  almost  97  207  9(X)  km2  under  consideration 
for  nautical  purposes. 

The  purpose  of  lidar  bathymetry  can  range  from  accurate  and  spatially  dense  depth  sounding  to  a  more  nqnd  but  less  dense  and 
accurate  sounding  for  locating  areas  of  interest  for  more  detailed  surveys  or  for  difteient  military  purposes.  In  general  lidar 
bathymetry  is  always  a  complementary  technique  and  should  therefore  often  be  ccmibined  with  acoustic  or  mechanical  methods. 
The  optimum  and  most  economic  way  of  combination  these  different  techniques  will  gradually  develop  from  expoimental 
experience. 
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lidar  bathymetry  is  always  a  complementary  technique  and  should  therefore  often  be  combined  with  acoustic  or  mechanical 
methods.  The  optimum  and  most  economic  way  of  combination  these  different  techniques  will  gradually  develop  from 
experimental  experience. 

One  must  however  remind  of  the  operational  limitations  of  lidar  bathymetry  and  how  these  limitations  affects  the  planning 
and  use  of  the  sensor.  From  our  experimental  experience  the  most  important  limitations  are  given  below; 

Table  1  .Limitations  of  lidar  bathymetry. 


Depth  penetration 

^  4  KD  (day)  and  ^  S  KD  during  night 

Cloud,  fog,  sea  smoke 

Esp.  low  clouds  and  fog  can  affect  the  operation 

Strong  winds 

Affects  the  ability  to  accurate  follow  flight  lines  at  low 
helicopter  speeds 

Sea  state 

High  sea  state  esp. white  and  broken  water  affects  accuracy 
and  maximum  penetration. 

Scattering  layers  and  other 
inhomogenities  in  the  water 
column 

May  limit  penetration  and  have  to  be  sorted  out  in  the  post 
processing  as  false  bottoms. 

Bottom  roughness 
vegetation 

Rises  the  question  of  the  smallest  feature  that  can  be 
measured  within  the  beam  footprint.  Dense  vegetation  may 
result  in  underestimating  the  depth. 

Hardware  limitations 

If  every  wave  form  is  to  be  stored  with  high  amplitude  and 
time  resolution,  and  real  time  imaging  capability  is  needed 
this  puts  a  high  load  on  computer  power  and  signal  handling. 
Today  this  limit  is  about  2(X)  Hz.  The  use  of  future  high  prf 
laser  will  stress  this  even  more. 

2.1  Depth  penetration 

The  strongest  limitation  is  the  depth  penetration.  This  is  related  to  the  system  attenuation  G  (m*’)  which  determines  the 
maximum  depth  penetration  which  is  given  by 

0™,  =  ln(P*/P^„)/2C  (1) 

where  P*  =  S*p/H2,  H  being  altitude,  p  the  bottom  reflectivity  and  S  the  system  parameter  defined  as  a  product  of  laser 
peak  power,  receiver  aperture,  and  loss  factors  due  to  surface  reflection,  limited  Field  of  view  and  optical  system  efFiciency. 
P^in  is  the  minimum  power  for  bottom  detection  which  during  daytime  usually  is  limited  by  solar  background  radiation  and 
during  night  time  by  detector  and  other  electronic  noise.  Putting  typical  system  parameters  for  a  lidar  bathymeter  into  the 
above  formula  one  arrives*  at  values  for  G*D|nax  ==  3-6  depending  on  daylight  level  and  parameter  choice.  Due  to  the 
exponential  attenuation  a  large  increase  in  the  system  parameter  S  (e.g.  by  a  factor  of  10)  gives  only  a  marginal  increase  in 
{AD,na^  =  ln(10)/2G  =  4  m  for  G  =  0,3m**).  For  large  FOV-diameters  on  the  surface  (>  bottom  depth)  the  system 
attenuation  G  is  approximated  by  the  diffuse  attenuation  K. 

The  diffuse  attenuation  K  can  be  measured  by  special  instrumentation  like  the  HOSS  (see  below)  or  by  relating  K  to  the 
Secchi  disc  depth  (Djecchi)-  Secchi  disc  depth  is  obtained  as  the  maximum  depth  at  which  a  submerged  white  disc  can 
be  observed.  The  relation  between  the  inherent  contrast  Cq  of  the  disc  and  the  apparent  contrast  Cq  as  seen  by  the  observer 
is  given  by  Duntley^**  for  vertical  observation: 

(2) 

We  have  observed  the  following  empirical  relation  between  K  and  the  collimated  beam  attenuation  coefficient  c 
(observations  made  in  the  Baltic  Sea): 


=  0.136  +  0.092  *c 


(3) 
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If  we  assume  an  inherent  contrast  Cq  =  40  (this  is  for  a  disc  reflectivity  of  82  and  a  threshold  value  of  Cosecchi  = 
0,0066^*  formula  (2)  gives  c+K  =  8,70/Dsecchi-  If  we  combine  this  with  (3)  we  find  the  following  relation  between  the 
daylight  penetration  depth  Dmax  (  4/K)  and  the  Secchi  disc  depth  as: 


Secchi  disc  depth  -  m 

Figure  1.  Maximum  bottom  range  (against  a  flat  bottom  with  about  10  %  reflectivity)  for  a  state  of  the  art  lidar  bathymeter. 

=4.368*D^„*,  /(O.I36*D,,„^  +0.8)  (4) 


The  formula  (4)  is  illustrated  in  figure  I  together  with  the  2S  %  increase  in  depth  obtained  during  night  time. 

The  turbidity  as  measured  by  K-meter  or  by  Secchi  disc  depth  differs  in  that  K-meters  can  be  made  true  profiling 
instruments  and  thus  reveal  scattering  layers  close  to  the  bottom  for  example,  which  a  Secchi  measurement  may  miss 
totally  or  at  least  not  resolve  in  depth.  Turbidity  is  often  a  strong  function  of  season  and  geographic  location.  River  outlets 
for  example  will  often  have  a  much  more  turbid  water  than  the  surrounding  sea.  Recent  weather  especially  storms  heavily 
affect  the  turbidity. 

One  way  of  monitoring 'the, turbidity  for  bathymetric  planning  is  to  have  Secchi  disc  or  K-meters  and  different  locations  of 
interest.  If  the  areas  are  large  a  combination  of  such  measurements  and  the  use  of  satellite  or  airborne  multispectral  cameras 
is  motivated.  In  doing  so  a  rapid  and  efficient  way  of  monitoring  seasonal  and  geographical  changes  of  water  quality  is 
possible.  This  was  done  for  LANDS  AT  data  and  correlated  to  Secchi  disc  data^^. 

2.2  Atmospheric  limitations 

The  prime  limitation  of  the  atmosphere  is  to  reduce  the  amount  of  signal  reaching  the  receiver.  If  we  for  simplicity  assume 
a  homogeneous  atmosphere  between  platform  and  the  sea  surface  the  reduction  of  depth  penetration  ADatm  due  to 
atmospheric  transmission  loss  can  simply  be  written: 

AD^^  =  lniTj‘  )/2G  =  ln(e-^‘"')/2C  =  //<T/G  =  3.9/// V*l/G  (5) 

where  o  is  the  atmospheric  ectinction  coefficient  at  the  laser  wavelength  which  generally  is  close  enough  to  the  SSO  nm 
wavelength  used  in  defining  visibility  to  justify  the  relation  o  »  3,9fV  where  V  is  the  meteorological  visibility  range  V 
(looking  downwards).  For  a  system  with  FOV  diameter  at  the  surface  larger  than  the  depth  we  can  assume  G«K  and  formula 
(S)  can  be  used  to  estimate  the  depth  loss.  In  general  V»H  and  this  loss  is  neglible  but  if  for  example  the  visibility  is  so 
low  that  the  water  surface  hardly  is  seen  (V«H)  from  the  operating  altitude  the  loss  can  be  substantial  («  3,9/K).  Figure  2 
shows  the  loss  vs.  visibility  V  and  for  different  K-values. 
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We  have  observed  another  problem  arising  during  winter  time  when  "sea  smoke”,  a  haze  layer  just  above  the  water  surface, 
can  interfere  and  trigger  the  surface  measuring  /  slant  range  IR-channel  which  results  in  a  shift  of  the  signal  so  that  the 
bottom  echo  may  fall  out  of  the  measurement  range  usually  set  to  SO  meters  or  so.  An  example  of  this  can  be  seen  in  Hgure 
3.  One  way  to  avoid  this  problem  is  to  have  more  criteria  on  the  surface  return  for  example  using  the  raman  signal  which 
would  be  a  more  stringent  time  marker  for  the  water  surface. 


100 


Figure  2  Depth  loss  due  to  atmospheric  transmission  at 
300  m  operating  altitude  for  different  K-values. 


0  50  100  150  200 


Sample  nr  (0.28  m/sample) 


Sample  nr  (0.28  m/sample) 

Figure  3.  Example  of  wave  forms  with  and 
without  sea  smoke  (haze )  close  to  the  water  surface. 


Feigils^^  has  recently  pointed  out  a  potential  problem  with  a  scattering  component  from  the  atmosphere  reaching  the 
receiver  at  the  same  time  as  the  bottom  signal.  This  signal  is  thought  to  come  from  the  laser  radiation  hitting  the  water 
surface  reflected  upwards  to  the  atmosphere  and  down  to  the  water  surface  again  and  then  reflected  up  to  the  receiver.  To 
estimate  the  importance  of  this  component  we  note  that  the  energy  of  the  bottom  signal  from  depth  D  can  be  written: 


E,=P,EoTo,.[TL(mi-Po)^F, 


cos^  6  A  g 
{n^H  +  Df  K 


exp(-2CD) 


(6) 


with  Eq  as  the  outgoing  laser  pulse  energy,  Topt  the  optical  loss  in  the  receiver,  Ap  the  receiver  apertureT^a,^  the  two-way 
atmospheric  transmission,  F2  a  loss  factor  due  to  small  receiver  Held  of  view  (^2^  f  )Mi?  the  receiver  area,  H  the  platform 
altitude,d  the  angle  of  incidence  on  the  water  surface  and  n^,  the  water  index  of  refraction.  The  bottom  reflectivity  is  pi, 
andpo  is  the  Fresnel  reflectance  («  0.02  at  532  nm  wavelength).  G  is  the  system  attenuation  coefficient.  Feigils^^  gives  the 
following  estimate  of  the  energy  Ei,a  of  the  atmospheric  scattering  contribution  at  the  time  of  the  bottom  pulse  (0  =90  degr. 
assumed): 

^*0  “  ^O^opA  ~2  (^n 

where  ^atm  the  atmospheric  back  scatter  coefficient,  c  the  velocity  of  light  in  the  air  and  x  the  laser  pulse  length 
By  taking  the  ratio  between  (7)  and  (6)  and  noting  that  H  »  D  and  po  «  1  we  get 


2GD « ln[^^  1 


(8) 


It  is  of  interest  to  estimate  the  depth  at  which  Ey  =  E^a  for  different  visibility's  V.  Assuming  a  laser  pulse  length  x  =  Sns  and 
F2  =  0.5  (reasonable  for  a  50  mrad  receiver  FOV  at  200-300  m  altitude  and  looking  at  20  m  returns)  we  arrive  at  the 
following  approximate  relation  for  2GD: 


SPIE  Vof.  2258  Ocean  Optics  XII  (1994)  /  395 


2GD  =  ln[6826*V“*’] 


(9) 


where  we  used  the  relation  patm  =  0,0263(3,9 1  A^)9'®9  cjiejj  jn  Peigils^^  article.  For  visibility's  as  low  as  V=0,3  km  the 
expression  (9)  estimates  GD  «  4  i.e.  the  atmospheric  scattering  contribution  might  become  comparable  with  the  bottom 
peak  energy  at  the  approximate  range  limit  during  day  time  (GD  =  KD  =  4).  For  higher  visibility's  (V>  1  km  is  probably  a 
lower  practical  limit  for  good  and  safe  operation)  the  atmospheric  contribution  Et,a  «  Eb  during  the  assumption  of  small 
receiver  field  of  view  (FOV)  loss  (F2).  For  much  smaller  FOV  there  might  be  some  effects  by  the  atmospheric  scattering  in 
that  it  may  hide  the  bottom  peak.  Note  however  that  the  atmospheric  scattering  contribution  to  the  wave  form  is  a  slowly 
decaying  function  vs  time  compared  with  the  bottom  echo. 

23  Wind  influence  and  sea  state. 

The  wind  influences  the  system  operation  in  several  ways.  First  through  the  ability  to  fly  along  the  straight  flight  lines  and 
secondly  through  the  waves  generated  by  the  wind. 

The  relation  between  flying  speed  V,  swath  width  S,  laser  prf  f  and  spot  density  a  is  V*S  =  f^a^.  For  spot  densities  a  =  5  m 
and  S  =  200  m  for  example  a  200  Hz  laser  gives  V  =  25  m/s  which  is  rather  low  for  a  helicopter  making  its  flight  wind 
sensitive.  Therefore  the  planning  of  a  mission  must  include  the  wind  in  setting  up  the  flight  lines.  It  is  best  to  fly  against  the 
wind  to  make  it  easy  to  hold  steady  course.  The  wind  can  cause  the  helicopter  to  turn  more  towards  the  wind  which  makes 
the  scanner  to  sweep  a  narrower  swath  a  bit  to  the  side  of  that  planned.  There  may  be  a  trade  off  between  swath  width  S, 
spot  density  a  and  the  helicopter  velocity  V.  If  the  speed  is  low  relative  to  wind  this  may  result  in  "gaps”  in  the  coverage. 
The  cloud  base  may  also  affect  the  swath  width.  Lower  altitude  means  that  a  narrower  swath  can  be  used  and  this  enables 
higher  flight  speed  for  constant  spot  density. 

The  waves  influences  the  system  operation  and  accuracy  in  several  ways.  In  summary  the  waves  will  break  up  the  beam, 
refract  the  beam,  influence  depth  measured  as  the  difference  between  surface  signal  and  bottom  signal,  distort  the  surface 
signal  leading  to  saturation  or  loss  for  the  green  signal  in  both  directions.  We  will  comment  these  effects. 

The  wavy  surface  breaks  the  beam  in  a  complicated  manner  which  is  superimposed  on  the  beam  pattern  falling  into  the 
water.  This  beam  break  up  is  not  very  well  modelled  and  may  influence  the  depth  accuracy  in  the  first  few  optical  depths. 
After  many  optical  depths  multiple  scattering  in  the  water  tend  to  smear  out  this  effect. 

The  wave  refraction  which  is  most  important  for  large  swells  where  the  whole  beam  may  refract  on  the  same  wave  slope. 
This  results  both  a  in  a  position  error  on  the  bottom  and  a  depth  error.  The  wave  slope  is  coupled  to  the  wind  velocity  by  the 
Cox-Munk  relations^^.  In  this  way  maximum  errors  can  be  estimated  as  a  function  of  wind  velocity  assuming  that  the  whole 
beam  falls  on  the  same  wave  slope.  Figure  4  shows  the  maximum  errors  on  the  beam  position  and  depth  error  introduced  by 
the  refraction^^.  Assuming  wind  velocities  of  10-12  m/s  as  practical  upper  limits  for  operation  we  can  estimate  the 
maximum  position  error  on  the  bottom  as  5-10  %  of  the  depth.  This  error  is  hard  to  compensate  for  as  the  wave  slope  is 
difficult  to  measure  for  every  laser  shot.  The  maximum  refraction  depth  error  is  according  to  figure  3  between  1-2%  of  the 
depth.  This  error  is  again  difficult  to  compensate  for  due  to  the  above  reasons.  One  way  to  reduce  the  influence  of  refraction 
is  to  widen  the  beam  to  cover  at  least  two  wave  crests.  The  waves  affect  the  interface  return.  In  many  systems  the  IR  return 
is  used  to  measure  the  time  position  for  the  water  surface.  The  angle  of  incidence  will  also  affect  the  magnitude  of  the  IR- 
return.  The  IR  return  may  be  lost  when  the  water  surface  is  calm  and  in  such  a  case  the  green  signal  must  be  used  to 
establish  the  surface  reference.  This  can  be  specular  or  a  volume  return  from  the  water  just  below  the  surface.  This  "flip- 
flop”  effect^^  can  theoretically  be  about  0,5  meter  for  K-values  between  0,1 -0,3  m*'.  The  magnitude  of  the  specular  return 
depends  heavily  on  wind  and  off  nadir  beam  angle.  Guenther^^  has  shown  results  from  calculations  of  these  effects.  For  low 
wind  speed  and  nadir  angles  both  the  magnitude  and  the  standard  deviation  of  the  surface  return  is  large.  For  larger  winds 
and  nadir  angles  the  signals  are  weaker  but  also  less  variable  which  is  important  from  an  operational  point  of  view.  From 
the  diagram  in  ref.  27  it  can  be  seen  that  a  nadir  angle  of  20°  results  in  a  fairly  constant  loss  factor  relative  to  a  perfect 
lambertian  surface  of  about  0,01.  For  small  nadir  angles  a  small  change  in  wind  speed  will  have  a  dramatic  effect  on  the 
surface  return.  There  might  also  be  as  much  as  an  order  of  magnitude  difference  between  up/down  and  crosswind  directions. 
In  summary  there  is  a  strong  effect  on  the  interface  return  by  the  wind  but  that  should  be  possible  to  minimise  by  proper 
system  design  and  choice  of  nadir  angle. 

For  strong  winds  the  influence  of  white  caps  must  be  taken  into  account.  Koepke^^  has  measured  the  reflectance  and 
surface  coverage  of  whitecaps.  The  reflectance  of  fresh  foam  is  about  55  %  in  the  visible  but  the  aging  and  spread  leads  to 
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an  effective  reflectance  of  pe  about  22  %.  How  the  foam  actually  affects  the  beam  penetration  and  is  unclear  but  the  effect 
is  probably  ’’worse”  than  just  reducing  the  bottom  signal  by  (l-Pe)^-  The  surface  fraction  covered  with  foam  is  given  by 
Koepke  according  to  figure  5.  For  a  wind  speed  of  10  m/s  about  I  %  of  the  area  will  be  foam  covered.  This  probably  means 
that  less  than  1  %  of  the  laser  shots  are  ’’lost”. 


Figure  4.  Estimate  of  maximum  error  due  to  wave  refraction.  Upper  right  shows  the  bottom  position  error  and  right  below  the 
relative  depth  error  which  may  exceed  /  %  of  depth.  These  type  of  errors  are  hard  to  correct  for. 


Figure  5.  Percentage  of  surface  covered  with  foam  as  a  function  of  wirui  speed.  Data  from  Koepke^^. 


Since  the  depth  is  calculated  by  the  difference  in  arrival  times  of  the  surface  and  bottom  returns  the  depth  includes  wave 
height  information.  The  wanted  depth  is  that  referred  to  the  mean  surface  level  and  thus  wave  height  correction  is 
necessary.  The  problem  is  analysed  by  Thomas  and  Guenther^^.  The  wave  heights  are  derived  from  the  slant  path 
measurements  using  collinear  IR  and  green  beams  and  vertical  accelerometer  data  for  taking  out  the  aircraft  motion  from 
swell.  It  is  shown  that  no  slant  range  available  (IR-dropout)  will  lead  to  a  short  term  error  (<  6  seconds  for  the 
accelerometer  sampling  time  of  1/64  sec.  and  standard  deviation  of  the  acceleration  =  O.lms'^  )  of  1/4  of  the  wave  height 
h.  With  the  data  acc.  to  table  2  we  see  how  the  depth  error  due  to  wave  correction  depends  on  system  parameters  (figure  6). 
The  random  variation  of  slant  range  (Or)  was  assumed  to  be  0,1  m.  However  there  are  reasons  to  believe  that  this  random 
error  is  larger  due  to  geometric  pulse  stretching  at  the  surface  and  to  the  fact  that  different  parts  of  the  beam  footprint  may 
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contribute  differently  to  the  surface  return  (due  to  facets  giving  glint  returns).  For  Or  ranging  from  0,1 -0,5-1  m  (other  par.  to 
tabic  2)  the  depth  error  increases  from  0,03-0, 1 1  -0,2 1  m  for  the  case  of  no  IP  dropout. 

2.4  Scattering  layers  and  other  inhomogenieties  in  the  water  column. 

The  scattering  in  the  water  broadens  the  beam  which  gives  a  depth  bias  which  can  be  both  positive  and  negative  (positive 
for  "deep”  biases,  negative  for  shallow).  The  bias  depends  on  the  scattering  length  s*D  and  the  nadir  angle  0.  Guenther^® 
has  studied  this  bias  in  great  detail  by  Monte  Carlo  simulation.  In  general  this  bias  is  rather  small  as  can  be  seen  in  figure  7. 
In  order  to  use  this  bias  correction  the  scattering  coefficient  has  to  be  known  or  estimated  (for  example  from  the  wave  form 
decay  which  for  large  FOV  gives  K  and  for  small  FOV  c  =  a+s  «  K+s).  We  conclude  from  figure  7  that  a  smaller 
uncertainty  in  the  s-value  has  a  small  impact  on  the  bias.  This  also  include  the  case  where  the  water  column  is 
inhomogenous.  For  many  cases  an  estimate  of  the  average  scattering  should  be  enough.  On  the  other  hand  the  scattering 
layers  may,  if  they  are  strong,  be  interpretated  as  bottoms.  One  example  is  shown  in  figure  8  from  our  experimental  data. 
More  examples  are  discussed  under  experimental  results. 

Table  2.  Parameters  for  estimating  error  in  wave  height  correction  of  the  depth. 


Flight  altitude  H 

300  (m) 

Wave  height  stand,  dev. 

0.3  (m) 

Beam  aiming  error 

1  (mrad) 

Half  filter  length 

5  (sec.) 

Nadir  angle 

20  (®) 

Sample  time  acc.  data 

1/64  (sec.) 

Slant  range  error 

0.1  (m) 

Acc.  error  in  altitude 

0,1  (ms‘^) 
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Figure  6.  Depth  error  in  wave  height  correction  due  to  beam  stabilisation,  altitude  and  integration  time.  Data  according  to  table 
1.  Diagrams  are  based  upon  formulas  in  ref.  29. 


2.5  Bottom  roughness  -and  vegetation. 

The  depth  accuracy  analysis  for  lidar  bathymetry  presented  in  the  literature  has  almost  exclusively  dealt  with  horizontal  flat 
bottoms.  However  real  bottom  are  seldom  that  ideal.  Therefore  we  have  investigated  the  influence  of  bottom  topography  by 
wave  form  simulations.  The  theoretical  simulations  are  based  on  the  analytical  formulas  for  beam  propagation  by 
Lutomirski^^.  We  have  looked  at  3  topography  situations  (figure  9).  We  have  investigated  the  wave  forms  for  different 
bottom  slopes  and  for  three  different  water  types  (clear,  "mean”,  turbid  cf  table  2).  Figure  10  shows  example  of  wave  forms 
for  the  slopes  0®,  10®  and  20®.  We  can  also  see  the  influence  on  the  bottom  pulse  shape  depth  using  the  50  %  threshold  with 
the  pulse  echo  in  linear  scale.  For  the  echo  extraction  we  find  that  the  contrast  C  defined  as  the  ratio  A/B  where  A  is  the 
bottom  peak  amplitude  above  the  extrapolated  back  scatter  level  B  according  to  figure  1 1  .The  signal  to  noise  ratio  for  the 
bottom  echoes  defined  as  SNR  =  A^/var(N(t))  where  N  is  the  noise  signal  well  out  of  the  depth  range  for  bottom  and  water 
back  scatter. 
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Figure  7.  Depth  biases  vs.  scattering  coefficient  and  for  different 
depth.  Nadir  angle  20°.  and  FOV  diam.  =  depth  As  can  be  seen  from 
the  figure  this  correction  is  rather  small. 


Figure  9.  Bottom  models  used  in  the  simulations.  Left  sloping  bottom,  middle  stone  (1*1*1  m^)  and  right  step  like  bottom. 
Variables:  slope  angle,  position  relative  to  the  beam  (x)  arid  depth.  Besides  that  the  water  quality  and  system  parameters  were 
varied. 


Table  3.  Water  parameters  used  in  simulation, 


WATER 

PARAMETE 

R 

’’Clear”  water 

’’average” 

’’turbid” 

biffiise  att.  K 

0,17  /m 

0,25  /m 

0,35  /m 

Sc.  coeff.  s 

0,35  /m 

0,8  /m 

1,3  /m 

Beam  att.  c 

0,5  /m 

1  /m 

1,6  /m 

Albedo  wQ 

0.7 

0.8 

0,9 

Backsc.coeff.  B 

0,0014  /msr 

0,{XW5  /msr 

0,0032  /msr 

Rms  sc.  angle 

0,39  /rad 

0,40  /rad 

0,41  /rad 

Figure  1 1  b  shows  the  contrast  C  as  a  function  of  bottom  slope  angles.  These  curves  are  also  fairly  symmetrical  around  the 
zero  slope  angle.  Note  the  very  steep  bottoms  (slopes  above  25*’)  will  "smear  out”  the  pulse  within  the  footprint  giving  a 
very  low  contrast  and  difficulty  for  detection  even  if  the  SNR  is  high.  A  possibility  of  confusing  the  bottom  echo  with  that  of 
a  turbidity  layer  which  also  can  give  a  broad  echo  is  obvious.  Also  note  that  the  contrast  is  much  higher  for  the  clear  water 
model  than  for  the  models  of  average  and  turbid  water.  This  is  what  to  be  expected.  A  strange  fact  that  can  be  noted  is  that 
the  contrast  for  the  turbid  and  average  waters  are  so  similar.  This  might  be  partly  explained  by  the  smaller  differences  if  the 
scattering  parameters  between  these  to  waters  in  relation  to  the  difference  against  clear  water. 

For  S  m  depth  the  offset  tolerance  for  detection  of  the  stone  is  ±2  m  which  correspond  to  a  4  m  shot  distance  for  certain 
detection.  If  we  increase  the  depth  the  sensitivity  for  an  offset  is  smaller.  At  10  meters  depth  (figure  12)  the  offset  tolerance 
for  resolved  wave  forms  with  two  peaks  is  ±4  m  while  the  corresponding  figure  at  S  m  depth  is  ±2m.  If  the  peaks  are  not 
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fully  resolved,  detection  with  a  50  %  threshold  will  miss  stone  detection  because  the  wave  form  amplitude  originating  from 
the  stone  will  in  general  be  much  smaller  than  that  from  the  surrounding  bottom  at  least  for  the  assumed  receiver  Held  of 
view  (FOV)  and  flight  altitude  (50  mrad  and  3(X)  m  altitude). 


Figure  10.  Left:  Examples  of  wave  forms  (linear  scale jfrom  different  bottom  slopes.  We  can  see  how  the  slope  is  affecting  the 
pulse  shape  so  that  more  shallow  depths  are  detected  as  they  will  be  within  the  broadened  beam.  Right:  Different  bottom  pulse 
shapes  for  the  slopes  indicated  in  the  figure.  Horizontal  scale  I  ns/div.  (=11,12  cm). 


Figure  I  la.  Definition  of  contrast  and  definition  of  the  depth  detection  procedure.  II  b.  Bottom  contrast  vs.  slope  angle  II  c.: 
Comparison  between  depths  using  a  simple  geometric  model  where  we  assume  a  beam  footprint  as  half  the  depth  and  calculates 
the  smallest  depth  within  that  footprint  and  the  depths  detected  by  simulation. 


Oeptfiavim 

Figure  12.  Wave  forms  from  a  1*1*  I  m^  stone,  straight  below  the  beam  centre  at  the  surface  respectively  with  a  2  m  offset. 
Linear  scale.  Bottom  depth  10  meters.  Simulation  of  difference  wave  forms  (water  back  scatter  removed).  Stone  with  h  =  0,1  m 
and  H  =  1.5  m  (cf.  figure  9).  Bottom  depth  10  meters.  Water:  clear. 

If  the  receiver  field  of  view  is  reduced  we  can  increase  the  stone  peak  relative  to  the  surrounding  bottom  peak  and  a  50  % 
threshold  will  give  the  correct  (shallowest)  depth.  Figure  13  gives  an  example  of  this.  For  a  large  FOV  it  seems  reasonable 
to  detect  at  two  positions  in  the  rising  edge  not  to  miss  any  shallow  feature.  Figure  14  shows  the  detected  depth  from  the 
stone  and  from  bottom  at  S  and  10  m.  Note  the  large  variation  due  to  position  of  the  stone  relative  to  the  beam  position  at 
the  surface.  This  depth  bias  can,  as  in  the  case  of  a  sloping  bottom,  be  explained  by  the  geometric  path  difference.  This  is 
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seen  in  figure  14  a  where  the  ’’geometric"  depth  according  to  Pythagoras  (D(x)  =  D*[l+(xo/D)2]0.5  plotted  together  with 
that  obtained  from  simulation.  In  figure  14  b  the  receiver  field  of  view  is  varied.  Note  the  sharp  increase  of  the  detectability 
for  smaller  FOV:s  (contrast  and  SNR  for  the  stone  increases).  For  smaller  FOV:s  the  detected  depth  for  the  stone  is  closer 
to  the  true  depth.  In  figure  14  c  the  depth  and  contrast  for  a  I*l*l*m3  stone  at  10  meters  are  shown  vs.  FOV.  The  bottom 
contrast  increases  for  larger  FOV:s.  The  depth  of  the  stone  is  slightly  increased  for  larger  FOV.  The  conclusion  from  the 
above  is  that  reducing  the  receiver  field  of  view  is  motivated  to  ensure  capture  of  smaller  features  in  shallow  waters.  The 
reduced  FOV  results  however  in  a  smaller  maximum  depth.  We  have  done  similar  simulations  as  for  small  stones  for  a 
"step  like”  bottom.  The  main  difference  to  that  case  is  that  the  depth  variations  due  to  position  of  the  "step”  are  much 
smaller.  Figure  IS  shows  detected  depths  vs.  step  position  for  a  large  surface  of  4  m^  at  S  meters  and  3  meters  above 
bottom.  The  depth  variation  for  IxqI  5  2,5  m  (5  m  spot  distance)  is  smaller  than  0,1  m.  The  contrast  for  the  detection  at  5 
meters  is  of  course  higher  and  maximises  for  xq  =  0  meters  as  expected. 


104 

: 

- TV — - ^ - ; 

I0>s 

\\ 

104 

1  ^ 

10-« 

■  A  \  • 

:  1 1 

I0> 

■  1 1  j 

107 

:  _ _ 1  lA.  i 

:  i 

lOi 

0  2  4  6  8  1 

0  -2 

0  2  4  6  8  10 

Figure  13.  Difference  wave  forms  from  a  1*1*1  m^  stone  at  5  meters  bottom  depth.  Left  shows  the  wave  form  with  full  field  of 
view  (SO  mrad  corresponding  to  IS  m  at  the  surface)  and  right  shows  the  result  for  10  mrad  FOV.  In  both  cases  the  stone  offset 
from  the  beam  centre  at  surface  is  1  m(x=  1  m).  Water:  clear. 


Figure  14a.  Detected  depth  from  I  m^  stone  atSm  depth.  Note  the  large  variation  of  depth  deperuiing  on  the  stone  position  xO 
relative  to  the  beam  centre  at  the  water  surface.  Water:  clear.  14b:  Variation  of  depth  and  contrast  vs.  receiver  field  of  view 
diameter  (FOV-diameter).  1  *I  *I  m^  stone  onaS  m  bottom  and  deplaced  xq  =  l.S  m  from  beam  centre,  at  the  water  surface.  Note 
the  sharp  increase  of  delectability  (contrast)  for  small  FOV-diameters.  I4c:  Depth  and  contrast  for  a  Im^  stone  at  10  meters. 
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Figure  15.  Detected  depth  and  contrast  for  a  steplike  bottom. 


2.6.  Hardware  limitations. 


Today  state  of  the  art  lidar  bathymeters  have  about  10-200  Hz  pulse  repetition  frequency.  The  swath  width  is  limited  by  the 
maximum  angle  of  incidence  relative  to  the  water  surface  of  atout  30°.  This  translates  to  a  swath  width  slightly  larger  than 
the  altitude.  Assuming  dense  coverage  (a  =  S  m)  the  reasonable  helicopter  speed  of  SO  knots  (25  m/s)  leads  to  a  swath 
width  of  about  200  m.  Future  diode  pumped  laser  technology  will  be  about  10  times  as  efficient  as  today's  flash  lamp 
pumped  systems.  Assuming  the  same  electrical  power  this  efficiency  can  be  used  to  increase  from  today's  5  mJ,  200  Hz  to  5 
mJ,  2  kHz  or  more  using  an  all  solid  state  and  reliable  laser.  Hiis  10  fold  prf  increase  can  be  used  in  many  ways,  one  is 
denser  sounding  another  is  high  flight  speed  and  higher  surface  coverage  rate  etc.  One  can  also  think  of  using  larger  pulse 
energies  100  mJ-1  J  and  use  diffractive  elements  to  split  up  the  beam  to  fit  the  avalanche  detector  arrays  now  under 
development.  This  puts  less  demand  on  the  scanner  frequency  but  higher  demand  on  the  signal  processing  system  in 
handling  parallel  channels. 

The  storage  of  every  wave  form  together  with  real  time  depth  imagery  drive  the  signal  processing  electronics  to  the 
commercial  limits.  Future  higher  prf  systems  may  benefit  from  partially  relying  on  real  time  depth  algorithms  with  part  of 
the  storage  wave  forms  as  controls  points.  Finally  lidar  bathymetry  is  coming  into  full  operational  use  right  now.  The  system 
reliability  can  fully  be  evaluated  first  after  some  years  of  use  in  various  climate  situations. 

3.  EXPERIMENTAL  EFFORTS 


In  Sweden  work  on  airborne  depth  sounding  lidar  has  taken  place  during  more  than  ten  years.  Activities  include  the 
development  of  a  helicopter  borne  lidar  called  FLASH as  well  as  instrumentation  (HOSS)^  for  in  situ  measurement  of 
the  optical  water  parameters.  The  FLASH  system  has  been  further  developed  into  two  operational  systems  called  Hawk  Eye 
with  Saab  Instruments  as  the  main  contractor  and  Optech  Inc.  as  the  main  subcontractor. 

3.1  The  Flash  system 

For  detailed  description  of  the  system  we  refer  to  ref.  2-3.  In  short  the  FLASH  system  is  a  helicopter  borne  lidar  bathymeter 
with  key  functions  in  real  time  depth  imaging  and  programmable  scanning^^.  Figure  16  shows  a  real  time  display  in  the 
normal  Hying  mode  and  the  hovering  mode  of  operation. 
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’’Green”  receiver: 

Scanner: 

PMT,  20  cm  telescope,  filter  1,2  nm 

Programmable,  semicircular  scan  pattern  at  20*  angle  of 
inc.  in  normal  mode. 

FOV  outer  5-50  mrad,  inn.  bt.  0-10  mrad 

Hovering  mode:  ±  20’  in  v  (''  nose  dir.) 

”IR’’  receiver: 

+35*  /  -5*  in  x  (in  nose  dir.) 

Coax,  with  green,  av.  photo  diode, 

Storage: 

Land/water  discriminator. 

Data:  Sensor  parameters,  navigational  data. 

Rec.  Electronics: 

Full  wave  forms  every  6th  wave  form  at  200  Hz,  all  wave 
forms  at  62  Hz. 

Log.  amplifier:  80  dB. 

Video  recorder. 

Le  Croy  digitizer:  2,5  ns  sampling  at  8  bits. 

Navigation: 

Constant  fraction  discr.  for  slant  range. 

Motorola  mini  ranger  later  replaced  bv  GPS. 

Slant  range  resolution  8  cm. 

Real  time  echo  extraction. 

Wave  form,  depth  coded  colour  display 

Figure  1 6.  Real  time  depth  colour  display  from  the  FLASH 
system.  Left  shows  the  normal  mode  when  flying.  Swath 
width  200  m,  altitude  300  m,  spot  distance  5  m,  semicircular 
scan  with  20"  nadir  angle.  Right  shows  the  hovering  mode 
with  a  =  2  m  shot  distance.  In  both  modes  the  operator  can 
choose  the  shot  distance  and  in  the  hovering  the  subarea  to 
be  searched.  Colour  code  can  be  adopted  to  the  range  interval 
of  interest.  In  this  example  deep  blue  (black  here)  is  about  20  m 
and  light  blue  (white)  is  1.5  m. 


3,2  The  Hawk  Eye  system. 

The  FLASH  system  has  been  further  developed  into  two  operational  systems  called  Hawk  Eye  (figure  17)  As  mentioned 
before  these  systems  are  intended  to  be  more  suitable  for  accurate  depth  sounding.  Main  differences  include: 


•  Pod  mounted  transceiver  system. 

•  Better  wave  form  sampling  (10  bits, Ins). 

•  Storage  of  every  wave  form. 

•  Better  signal  handling  especially  for  echo  extraction. 

•  Better  scanner  accuracy. 

•  Inertial  reference  system  plus  GPS. 

•  More  compact  and  easy  installation. 

•  Built  in  planning  and  mission  software. 

•  PMT  replaced  by  APD  for  the  green  channel. 
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3.3  The  HOSS  system. 

The  in  situ  profiling  instrument  called  HOSS  (Hydro  Optical  Sensor  System)^  is  designed  to  operate  from  a  helicopter  or 
from  a  ship.  HOSS  collects  data  during  its  up  and  down  movement  at  a  vertical  speed  of  0,5  m/s.  The  optical  sensors 
measures  daylight  attenuation  (K),  beam  attenuation  (c),  single  scatter  (s)  and  back  scatter  (P).  The  absorption  (a)  and  the 
albedo  (wq)  are  derived. 

3.4.  Water  parameters. 

The  main  part  of  the  HOSS  measurements  were  made  in  the  Baltic.  Below  (figure  18)  we  show  some  examples  of 
correlation  between  different  water  parameters  measured  by  HOSS.  Such  relations  are  of  large  operational  value  as  they 
correlate  those  parameters  which  are  difficult  to  estimate  from  lidar  directly  (e.g.  the  scattering  coefficient  s)  to  those  which 
are  easier  to  estimate  from  the  wave  form  such  as  the  diffuse  attenuation  K.  Typical  correlation  coefficients  in  the  Baltic 
were  found  to  be  between  0,5  and  0,7  for  K  vs.  s  and  c  and  for  vs.  s.  Measurements  were  taken  both  during  winter  and 
summer.  Typically  the  summer  values  for  K,  s  and  c  are  50-100  %  higher  than  those  obtained  during  winter  time. 


Backscattering  cocff.  /msr  Scattering  coefT.  /m  Beam  att.  cocff.  cAn 

Figure  18.  Correlation  between  various  optical  water  parameters  as  measured  by  HOSS  in  the  Baltic  during  1989-92. 

The  maximum  depth  penetration  correlates  for  a  large  receiver  field  of  view  (FOV)  diameter  (about  the  depth)  well  with 
l/K  as  shown  in  fig.  19.  For  a  known  bottom  reflectivity  this  can  be  used  to  estimate  K.  The  value  of  G  depends  on  the 
receiver  field  of  view  (FOV)  or  more  directly  to  the  receiver  spot  size  on  the  water  surface.  This  relation  has  been  studied 
by  the  multiple  scattering  results  obtained  by  Gordon^^.  We  have  investigated  G  using  the  back  scatter  decay  and  the 
bottom  peak  decay  both  of  which  are  expected  to  follow  the  relation  exp  (-2GD)  with  depth  D.  The  underlying  assumptions 
are  a  homogenous  water  body  and  bottom.  Figure  20  and  21  show  G  from  back  scatter  and  bottom  echo  respectively 
obtaining  G  »  K  (FOV  diameter  15  m).  Table  5  show  the  comparison  between  different  ways  of  estimating  G  given  two 
types  of  water.  The  back  scatter  decay  method  fails  as  soon  as  the  water  column  is  inhomogeneous.  This  is  shown  by  table  5 
and  by  figure  22.  The  system  attenuation  G  is  depending  on  the  FOV  as  pointed  out  by  Gordon^^  and  in  our  earlier  paper^. 
Figure  23  a  shows  G  for  various  FOV  combinations.  As  expected  the  attenuation  increases  with  smaller  FOV  or  larger 
blocking.  In  this  water  the  decrease  of  FOV  from  48  to  8  mrad  (corresponding  to  a  surface  diameter  of  14,4  to  2,4  m)  and  no 
inner  blocking  according  to  Gordons  article  should  result  in  a  system  attenuation 


l/K(in)  Shot  number  (with  increasing  depth) 

Figure  19.  Maximum  bottom  range  (Rb)  scales  Figure  20.  Measured  system  attenuation  coefficient  G 
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approximately  as  Rb  •=4, 14/K. 


from  the  back  scatter  slope.  3000  wave  forms  were  used. 


Depth  m 


Table  5.  Estimate  of  system  att.  G 


Method 

Position  FAR 

Position  RON 

HOSS 

0.160-0.165/m 

=  0.30/m 

Bottom  range 

0.16-0.20 

0.28-0.33 

Backsc.  decay 

0.162±0.014 

0.17±0.014 

Bottom  decay 

0.146  ±0.05 

No  echo  in  noise 

Figure  21.  Measured  bottom  peak  decay  (as  contrast  C  relative  to  noise)  for  estimating  system  att.  coeff.  G  =  0, 1461m. 
About  800  wave  forms  were  used. 


between  (0,15-0,17)  to  (0,23-0,27)  depending  on  the  choice  of  scattering  phase  function.  We  measured  0,162  ±0,010  to 
0,228  ±0,007  which  compares  rather  well  with  the  theoretical  results.  Figure  23  b  shows  comparisons  between  G- 
measurements  and  those  inferred  from  Gordon  results.  Also  indicated  in  figure  23  c  is  the  range  loss  obtained  by  reducing 
the  filed  of  view  in  that  type  of  water  (c  ==  1  /m).  As  pointed  out  earlier  in  the  paper  reducing  the  FOV  of  the  receiver  has 
the  potential  advantage  of  improving  the  horizontal  resolution  but  at  the  cost  of  some  range  loss. 


Depth  bin  (0.28in/bin)  t>c|>ih  m 

Water  parameters'!  (average  values); 

FAR;  K  =  0,17  /m,  s  =  0,32  /m,  c  =  0,45  Im,  b  =  0,0017  /msr 

_ RON;  K  =  0,30  /m,  s  =  1,38  /m,  c  =  1,70  /m,  b  =  0,0031  /msr _ 

Figure  22  Wave  forms  from  two  water  types.  Measurement  of  G  from  back  scatter  gives  a  value  of  G  ==  0,17  /m  for  the  clear 
water  (FAR)  in  acc.  with  depth  range.  In  the  other  example  (RAN)  the  back  scatter  decay  heavily  underestimates  G  (0,20  /m 
instead  of  0,30 /m  because  the  turbidity  is  not  homogenous  with  depth  as  indicated  by  the  profiles  obtained  by  HOSS. 


a  be 

Figure  23a:  System  attenuation  (obtained  from  back  scatter  slope)  for  various  combinations  of  outer  field  of  view  and  inner 
blockings.  23  b:  The  measured  value  of  the  system  attenuation  as  a  function  of  the  field  of  view  diameter  compared  with 
theoretical  simulations  by  Gordon^ ^  23  c:  Measured  and  estimated  (by  analytical  modelling)  maximum  range  loss  based  on  the 
results  bottom  peak  decrease. 
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3.5  Resolution,  small  feature  detection. 

Due  to  beam  broadening,  system  time  resolution  and  propagation  induced  time  response  the  lidar  system  has  lower  limits 
on  both  shallowest  depths,  depth  resolution  and  horizontal  resolution.  At  present  systematic  trials  are  under  way  to 
investigate  these  limits.  We  will  here  give  some  examples  from  the  FLASH  system  that  indicate  what  one  can  expect  from 
the  technology  in  well  designed  operational  systems. 

The  shallowest  depth  that  the  FLASH  real  time  echo  extractor  (simple  peak  finder)  could  handle  was  about  1,4  m.  Some 
times  even  1,1  m  depth  could  be  resolved  (rig.24).  With  the  new  Hawk  Eye,  which  uses  a  separate  shallow  detector, 
channel  and  post  processing  shallow  depths  down  to  I  m  seems  feasible.  Next  question  is  the  depth  resolution  between 
features  on  the  bottom.  To  study  this  problem  we  used  a  reference  target  made  as  an  "Olympic  rostrum”  with  3  flat  nets 
2*2  m^  each  and  placed  next  to  each  other  (figure  25).  By  altering  the  distance  between  the  nets  (reflectivity  about  20  %) 
we  could  measure  depth  resolution,  pulse  amplitudes  and  horizontal  resolution.  Figure  26  show  an  example  of  a  real  time 
image  of  the  reference  target  indicating  that  in  part  of  the  target  the  system  could  resolve  two  peaks  coming  from  the  nets 
separated  by  1,3  m.  The  shot  distance  a  was  I  m  and  the  apparent  horizontal  size  of  the  target  was  estimated  to  4*7  m^  to 
be  compared  with  the  true  projected  area  of  2*6  m^.  The  depth  to  the  deepest  part  of  the  target  was  16,7  meters.  Bottom 
range  was  about  21  meters.  "The  blurring”  may  be  attributed  to  the  long  scanning  time  (160  Hz,  a  =  1  m  and  50*50  m^ 
scanned  gives  16  sec.)  and  the  lack  of  compensation  for  the  helicopter  drift.  Figure  27  gives  examples  of  pulses  from  the 
reference  target. 


Figure  24.  E.xample  of  the  shallow  depth  wave  forms  from  FLASH  (left)  and  Hawk  Eye  (right).  In  the  FLASH  system  the  real  time 
extractor  generally  could  measure  depth  down  to  1, 4-1. 5  m.  In  Hawk  Eye  each  sample  corresponds  toO.l  I  m. 


Tests  were  made  with  boxes  on  the  bottom  to  investigate  the  possibility  to  see  smaller  features  on  the  bottom.  To  a  first 
approximation  the  small  target  detection  is  a  contrast  problem.  If  we  adopt  the  designations  from  figure  II  a  the  contrast  for 
a  f^eaturc  well  above  the  bottom  to  be  depth  resolved  can  be  approximated  with  the  expression: 


C  =  A/B  =  (pfAf  +(A5-Af)  PwI/lAbP^y]  ( 10) 


where  Af  is  the  top  cross  sectional  area  of  the  feature,  A^  the  beam  area  at  the  depth  of  Af  and  Pf  the  diffuse  reflectivity  of 
the  feature.  The  equivalent  water  reflectivity  p^r  can  (for  not  to  turbid  waters)  be  approximated  by  p^^  =  k*P*c^*t/2 
where  P  is  the  water  back  scatter  coefficient,  c^  the  velocity  of  light  in  the  water  and  t  the  laser  pulse  length.  Using  the 
above  formulas  together  with  beam  broadening  calculations  based  on  Lutomirski^*  andpf=  5%  we  can  estimate  the 
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minimum  cross  section  of  the  feature  to  be  observed  against  the  water  back  scatter  curve  (figure  28  a,b).  As  a  contrast 
threshold  for  detection  we  set  C  =  1,2.  As  can  be  seen  from  figure  28  b  the  minimum  feature  size  is  about  1  m  at  10  m 
depth  and  2  m  at  20  m.  Water  model  according  to  table  3.  We  found  by  experiments  that  these  theoretical  calculations 
were  in  accordance  with  observations. 


VBIJIORdM  IS  Btn  uDMcUol 


Figure  28c:  Example  of  target  signal  from  a  target  box  with  height  1,15  m  and  cross  area  of  0,4  nr-  The  white  pixel  corresponds 


to  the  left  wave  form,  where  only  the  target  are  resolved  The  black  pixel  corresponds  to  the  middle  wave  form,  where  both  the 
target  and  the  bottom  are  resolved.  The  waveform  to  the  right  corresponds  to  a  gray  pixel,  where  only  the  bottom  are  detected. 


SPIE  Vot.  2258  Ocean  Optia  XII  (1994)  /  407 


3.6  Depth  accuracy. 
Wave  heights 


The  FLASH  system  did  not  have  an  INS-system  why  full  wave  height  compensation  could  not  be  done.  We  did 
compensate  for  the  short  fluctuation  (small  waves)  taking  the  relatively  large  scanner  induced  slant  path  variation  into 
account  (figure  29,  30). 


Figure  29.  Scanner  induced  slant  range  variations.  Figure  30.  Corrected  depths  due  to  wave  heights  and  scanner 

effects. 


Turbidity  layers 

Turbidity  layers  may  limit  depth  penetrtion  and  insroduce  flase  bottoms  if  not  postprocessing  is  done  with  enought  care. 
Figure  31  shows  exemples  of  a  thin  and  thick  scattering  layer  respectively.  As  can  be  seen  from  these  examples  the 
discrimination  of  scattering  layers  based  upn  pulse  shape  only  may  not  be  sufHcient. 


Figure  31.  Examples  of  thin  and  thich  layer  signal  in  relation  to  the  bottopm  signal.  Log  difference  waveform  refer  to  a  log 
signal  with  the  homogenous  backscatler  subtracted. 
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Scan  angles 


We  made  statistical  tests  (using  ANOVA)  about  the  hypothesis  that  the  detected  depths  did  not  depend  on  the  scanner 
angles  being  either  in  X  (in  helicopter  nose  direction),Y  or  nadir.  Figure  32  shows  detected  depths  and  bottom  echo  contrast 
(echo  amplitude  divided  by  back  scatter  /  noise  level  if  no  echo  should  be  present)  for  different  angles.  For  the  toul  angle 
of  incidence  relative  to  nadir  we  find  that  there  are  small  differences  in  both  depth  and  contrast,  although  the  depth 
variation  in  this  case  could  probably  be  attributed  to  a  weak  bottom  slope.  There  are  not  any  significant  angle  of  incidence 
effects  after  correction  of  the  refraction.  The  example  investigated  corresponded  to  scattering  length  s*D«4.  For  larger  s*D 
values  propagation  biases  may  be  so  large  that  they  show  significance. 

If  we  compare  the  results  with  theoretical  simulations  we  find  that  we  should  expect  very  small  depth  differences  as  a 
function  of  scanner  angle  (about  10  cm)  but  we  find  that  the  contrast  should  change.  To  the  first  approxima-tion  there  is  a 
difference  for  the  shortest  water  paths  of  3  %  at  an  angle  of  incidence  of  20  degrees,  which  means  less  than  0,4  m  for  this 
data  set.  However  this  is  compensated  for  when  calculating  the  depth.  The  contrast  difference  is  however  larger  than  what 
should  be  expected  from  this  small  depth  difference.  The  effect  of  slant  angle  of  incidence  is  here  to  "stretch”  the  echo. 


The  angle  of  incidence  will  affect  the  detected  depth  and  the  bottom  echo  amplitude.  During  some  of  the  swaths  we 
noticed  that  there  was  a  depth  bias  between  the  left  and  right  parts  of  the  swaths.  Figure  33  shows  examples  of  wave  forms 
from  different  parts  of  the  swath.  The  wave  form  consists  of  an  artificial  surface  marker  that  is  positioned  in  time  about  1 
meter  (depending  on  PMT  voltage)  above  the  true  surface  t  «  which  is  controlled  by  the  slant  range  measurement  made 
by  the  1,()6  pm  channel.  As  our  real  time  echo  extras  picked  the  "true  surface”  from  the  position  of  the  surface  peak,  the 
variation  between  that  peak  and  the  position  of  the  bv.  >iing  of  the  green  wave  form  will  result  in  depth  variations.  As  we 
have  not  seen  this  phenomena  more  than  a  few  times  we  conclude  that  one  possible  explanation  might  be  due  to  surface 
waves  that  affected  the  IR-  or  green  return  differently  depending  on  angle  of  incidence  and  flight  direction  relative  to  the 
wave  propagation.  The  angle  of  incidence  will  also  affect  the  magnitude  of  the  IR-retum.  During  calm  conditions  IR- 
dropout  may  occur  which  also  affects  the  depth  accuracy  as  the  surface  form  of  the  green  return  might  be  either  specular  or 
coming  from  a  volume  return  just  below  the  surface.  This  "flip-flop”  effect  can  theoretically  be  about  0,5  meter  for  K- 
values  between  0,1 -0,3  m'*. 


Figure  32.  Detected  depths  and  bottom  echo  contrast  for  different  Figure  33.  Wavefortms  from  different  parts  of  the  swath, 
scanner  angles  for  a  rectangular  scan  during  hovering.  Av.  water  Note  the  time  difference  between  the  surface  marker  and 
parameters:  K  =  0,17 /m,  s  -  0,32/m,  c  -  0,45 /m,fi  =  0,0017/msr.  the  start  of  the  green  return. 


Receiver  FOV  effects 


A  smaller  FOV  may  improve  the  horisontal  resolution  and  thus  improving  detectability  and  depth  accuracy  for  small  depth 
resolved  bottom  features.  The  interesting  question  than  arises  whethiM’  FOV  has  any  significant  impact  on  depth  accuracy  for 
plane  bottoms.  Normally  the  FLASH  system  operates  at  300  m  altitude  and  with  SO  mrad  outer  FOV  (IS  m  FOV  diam.  at 
surface)  and  no  inner  blocking.  The  inner  blocking  is  useful  to  suppress  the  strong  returns  from  the  surface  and  the  layer  Just 
below.  We  thus  found  it  motivated  to  investigate  the  FOV  eflects  on  the  bottom  contrast,  detected  depth  for  a  plane  bottom. 
The  typical  number  of  pulses  within  each  FOV  set  is  about  100. 

Figure  34  shows  the  results  for  detected  depth  and  bottom  contrast  as  a  function  of  FOV.  We  have  chosen  data  from 
hovering  above  a  S0*S0  m^  area  at  I2.S  m  depth  and  believed  to  be  flat  and  horizontal.  The  water  parameters  were; 
K  =  0,17  /m,  s  =  0,32  /m,  c  =  0,45  /m,  B  =  0,0017  /msr.  The  ANOVA  tests  does  not  support  any  significant  effects  on 
bottom  depths  and  contrast  versus  the  used  field  of  views.  Error  sources  are  scan  angle  effects  and  bottom  variations. 
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As  said  in  the  beginning  of  the  paper  that  for  irregular  bottoms  the  dominating  depth  error  is  the  uncertainty  of  the  beam  position 
relative  to  the  shallowest  bottom  feature.  In  figure  3S  we  give  an  experimental  verification  of  this  by  showing  detected  depdi  vs. 
beam  position  (obtained  from  scanner  angles)  fo  a  1  m  wide  flat  target  well  above  bottom. 

Vegetation,  if  dense,  may  underestimate  the  depth.  One  way  of  compensating  for  this  effect  may  be  to  fit  a  pulse  from  the  "hard 
bottom”  at  the  same  depth  to  the  deepest  tail  of  the  return  and  calculate  two  depths  based  on  first  leading  edge  and  that  of  the  fitted 
hard  return. 


The  perhaps  easiest  way  to  isolate  positioning  errors  from  other  errors  is  to  fly  the  same  flight  line  in  opposite  direction.  This 
will  reveal  systematic  positioning  errors  of  the  platform.  An  example  is  illustrated  in  figure  36  where  a  severe  positioning  offset 
was  revealed.  For  a  displacement  of  250  m  the  profiles  fitted  very  well  to  each  other.  Sntaller  error  that  could  be  attributed  to  error 
in  positioning  the  beam  relative  to  the  scanner  can  be  detected  by  positioning  land  marks. 


Xgmelen 


Figure  35.  Measured  and  calculated  depth  for  various 
position  of  the  feature  relative  to  the  beam. 


AvmM  (n) 

Figure  36.  Example  of  detected  positioning  offset  (by  time 
error  between  GPS  ami  sored  time)  when  flying  the  same 
line  in  opposite  directions.  A  displacement  of 250  m  gave  a 
severe  error. 
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Comparison  laser-acoustic  data 


Before  comparing  the  laser  and  acoustic  data  it  should  be  noted  that  the  FLASH  system  was  not  a  full  worthy  bathymeter 
in  many  aspects.  For  example,  FLASH  did  not  save  ail  wave  forms  and  the  real  time  echo  extractor  was  not  intended  for 
accurate  depth  measurements.  Further  there  was  no  inertial  reference  system  which  makes  wave  height  compensation  very 
difficult  and  reduces  the  positioning  accuracy  of  the  helicopter.  Ail  these  drawbacks  have  been  taken  into  account  in  the 
Hawk  Eye  system.  Figure  37  shows  a  pair  wise  comparison  between  laser  and  acoustic  depth  data.  The  agreement  is  good 
with  a  small  offset  of  17,8  cm.  The  deviation  is  larger  at  large  depths  where  the  laser  approaches  the  max.  range  level. 


'  Acousticly  measured  depth  m 

Figure  37.  Comparison  between  acoustic  and  laser  generated  depths. 

4.  CONCLUSIONS. 

We  have  tried  to  summarise  the  system  and  operational  aspects  of  lidar  bathymetry  based  on  our  experience  from  the 
FLASH  system.  The  results  obtained  support  the  assumptions  that  the  lidar  is  a  very  valuable  tool  for  rapid  and  accurate 
depth  sounding.  We  have  also  pointed  out  the  limitations  due  to  the  environment  and  and  the  system  capability.  At  the 
time  of  writing  analysis  of  the  Hawk  Eye  data  is  under  way.  The  results  presented  here  are  mostly  taken  from  FLASH 
campaigns. 
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1.  ABSTRACT 

Two  years  ago  we  designed  built  and  tested  a  ROV  mounted  range-gated  imaging 
system.  This  narrow  field  of  view  system  (60  mr)  had  a  range  of  from  4  to  6  times 
that  of  a  conventional  camera  with  fioodlights  in  the  strongly  scattering  waters  typical  of 
harbor  approaches.  Dviring  the  sea  trials  a  scanning  transmissometer-nephelometer  system 
(NEARSCAT)  was  operated  simultaneously  with  the  ima^ng  system.  This  has  allowed  us 
to  validate  a  simple  model  that  evaluates  the  performance  of  the  imaging  system.  Given 
that  the  target  covers  at  least  one  pixel  at  the  maximum  range  of  interest  the  model  predicts 
that  for  the  same  laser  power  and  vmder  the  condition  where  the  field  of  illumination  is 
matched  to  the  field  of  view  there  is  no  performance  penalty  in  increasing  the  field  of  view. 
In  order  to  test  this  result  we  have  built  zmd  deployed  a  second  generation  imderwater 
imaging  system  whose  field  of  view  and  field  of  illumination  are  matched  and  continuously 
variable  from  60  mr  to  600  mr  in  water.  The  laser  source  was  also  upgraded  in  power  by  a 
factor  of  10  to  a  water  cooled,  2-kHz,  400  mw  doubled  Nd:YLF  laser.  The  light  is  collected 
by  a  7-cm  diameter  zoom  lens.  The  detector  is  a  gated  image  intensifier  with  a  7-ns  gate 
and  a  gain  which  is  continuously  variable  from  500  to  1,000,000  .  An  on-board  image 
processor  has  been  added  to  the  system.  It  allows  us  to  frame  integrate  in  real-time  and 
thus  further  improve  system  performance.  This  procesdng  and  the  high  repetition  rate  of 
the  laser,  which  enstires  a  lack  of  speckle,  both  contribute  significantly  to  the  clarity  of  the 
images. 


2.  INTRODUCTION 

LUCIE  is  but  one  of  several  different  types  of  active  imaging  devices  that  have  been 
proposed  and  built Several  constraints  fixed  the  specific  design  we  used  for  the  LUCIE 
tmderwater  imaging  system.  The  first  goal  was  to  produce  a  system  whose  total  power 
could  be  furnished  by  a  remotely  operated  vehicle  (ROV).  This  dictated  the  use  of  an 
efficient  and  compact  laser  source.  The  second  goal  was  to  produce  images  that  would 
ease  the  work  of  the  operator  of  the  vehicle  when  searching  for  objects  lying  on  or  near 
the  sea  bottom.  Since  the  vehicle  is  often  in  motion,  the  images  must  be  generated  and 
displayed  either  at  full  television  frame  rates  or,  at  a  minimum,  several  frames  per  second. 
Given  the  above  conditions,  range-gated  imaging  becomes  the  preferred  solution. 

During  trials  at  sea,  an  in-situ  tunable  transmissometer-nephelometer  ^  is  operated 
simultaneously  with  the  LUCIE  system.  This  allows  us  to  have  the  spectral  curves  of 
absorption  and  scattering  coefficients  at  the  same  time,depth  and  location.  These  funda¬ 
mental  parameters  are  necessary  for  evaluating  the  performance  of  the  imaging  system  and 
validating  transmission,  scattering  and  imaging  models.  This  data  has  allowed  us  to  test 
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a  simple  model  of  range  gated  imaging  ^  ® 

3.  SYSTEM  DESCRIPTION 

The  LUCIE  system  has  been  previouly  described  in  detail^"®  and  is  shown  in  outline 
in  figure  1.  The  system  is  housed  in  three  cylinders  30  cm  in  diameter  by  60  cm  in  length. 
These  cylinders  are  interconnected  and  bolted  to  a  frame  which  is  attached  to  the  ROV 
through  pneumatic  linkages.  This  allows  the  camera  to  be  tilted  and  panned  with  respect 
to  the  vehicle.  The  entire  assembly  is  neutrally  buoyant  in  order  to  reduce  the  load  on 
the  ROV.  One  cylinder  contains  the  laser  system.  The  camera  is  housed  in  the  adjoining 
cylinder  and  the  computer  and  control  electronics  in  the  third  cylinder.  The  cylinders  are 
filled  with  nitrogen  to  avoid  condensation  on  the  optical  surfaces.  The  system  is  designed 
to  dive  up  to  200  m.  It  should  be  emphasized  that  no  particular  care  weis  taken  to  package 
tightly  the  present  experimental  device  and  that  its  size  could  be  considerably  reduced  in 
an  operational  system. 

Figure  2.  is  a  block  diagram  of  the  LUCIE  imaging  system.  The  laser  source  is  a 
2-kHz  diode-pumped  Nd:YLF,  model  TFR  from  Spectra  Physics.  It  has  a  pulse  length  of 
7  ns  with  an  average  power  of  1  W  at  2  KHz.  This  model  is  equipped  with  a  temperature 
stabilized  frequency  doubler  which  gives  an  average  power  at  527  nm  of  500  mW.  The  527 
nm  laser  beam  passes  through  a  zoom  system  consisting  of  two  consecutive  diverging  lenses 
emd  goes  out  into  the  water  through  a  laser  quality  quartz  window  which  is  anti-refiection 
coated  on  the  inside  surface.  The  beam  divergence  in  water  can  be  varied  firom  60  mr  to 
600  mr  by  simply  changing  the  lens  spacing.  The  beam  intensity  profile  is  roughly  circular 
and  gaussian  in  the  radial  direction. 

The  light  is  collected  by  a  7-cm  diameter  zoom  lens  with  a  continuously  variable  foceil 
length  from  11  mm  to  110mm.  The  lens  system  heis  a  motorized  iris,  focus,  and  zoom. 
The  camera  is  a  double  stage  micro  channel  plate  intensified  gated  CCD  with  full  frame 
transfer.  The  CCD  is  kept  at  -20  C  by  a  double  stage  Peltier  cooler.  The  luminous  gain 
can  be  continuously  varied  from  500  to  1  x  10®  by  applying  a  control  voltage  with  a  12 
bit  D/A  converter.  The  gain  settings  were  calibrated  using  a  timgsten-halogen  standard 
reference  somce.  The  threshold  sensitivity  is  5  x  10“^  lux.  The  number  of  active  pixels  is 
488  in  the  horizontal(H)  direction  and  380  in  the  vertical(V)  direction.  The  pixel  size  is 
12^m(H)  by  18^m(V).  The  image  dimensions  at  the  cathode  of  the  intensifier  are  11.4  mm 
(H)  and  8.8  mm  (V).  The  camera  can  be  switched  from  an  ungated  mode  to  a  range  gated 
mode  by  applying  a  TTL  pulse  to  an  electronic  high  voltage  relay.  In  the  pulse  mode 
of  operation  the  gate  width  is  7  ns,  a  good  match  to  the  laser  pulse  length.  The  total 
illuminated  length  in  water  is  2  meters.  With  a  target  centered  in  the  gate  the  scattered 
light  comes  from  a  volume  of  water  extending  1  meter.  The  delay  between  the  gate  pulse 
and  the  laser  pulse  can  be  varied  in  1  ns  increments  by  applying  a  voltage  with  a  D/A 
converter.  This  delay  was  ciilibrated  in  the  water  tank  facility.  The  gate  delay  can  be  tied 
to  the  focus  setting  of  the  lens  system.  This  considerably  simplifies  the  operation  of  the 
device  and  ensures  that  only  the  scattering  occurring  near  the  teirget  is  seen  by  the  camera 
system.  It  should  also  be  noted  that  in  one  mode  of  operation  the  laser  beam  zoom  can 
be  tied  to  the  camera  zoom,  again  simplifying  the  operation  of  the  system.  In  that  case 
the  fields  of  view  and  the  field  of  illumination  are  matched. 
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The  analog  video  link  from  the  ROV  to  the  ship  was  designed  to  maintain  a  bandwidth 
of  7  MHz  with  some  noise  immunity.  The  camera  and  the  frame  grabber  produce  a  standard 
NTSC  television  signal.  The  receiver  aboard  the  ship  is  designed  to  compensate  for  the 
high  frequency  losses  in  the  cable.  With  the  compensating  circuit  the  3  db  point  occurs  at 
8MHz.  The  signed  is  flat  within  1  db  limits  up  to  5  Mhz.  This  exceeds  the  speciflcation  of 
the  super  VHS  VCR  system  and  ensures  the  recording  and  display  of  high  qusdity  images. 

All  fimctions  aboard  LUCIE  are  monitored  and  controlled  by  a  single  board  IBM 
compatible  computer.  The  on  board  frame  grabber  can  operate  in  pass-through  mode  and 
in  slow-scan  mode.  In  slow  scan  the  camera  CCD  clock  can  be  slowed  down  and  image 
frames  taken  at  any  desired  rate.  This  is  equivalent  to  averaging  a  niunber  of  frames  before 
display. 


4.  SEA  TRIALS 

In  1992,  our  original  tests  of  the  first  version  of  LUCIE  were  carried  out  in  Patricia 
Bay  at  a  mean  depth  of  35  m.  This  inlet  is  on  the  east  side  of  Vancouver  island.  Another 
more  extensive  set  of  trials  was  recently  carried  out  both  in  Patricia  Bay  and  in  Esquimalt 
harbour  at  a  mean  depth  of  45  m.  In  both  cases  a  frame  supporting  several  targets  was 
first  lowered  to  the  bottom.  The  targets  were  white  on  a  black  backgroimd.  One  target  is 
a  standard  television  resolution  pattern  framed  by  an  hexagonal  border.  The  other  target 
is  a  set  of  vertical  bars  of  various  widths.  It  can  be  used  to  measure  the  square  wave 
modulation  transfer  function. 

During  each  dive  a  narrow  forward  angle  transmissometer-nephelometer*  was  lowered 
to  within  2  meters  of  the  bottom.  Absorption  and  scattering  spectra  were  taken  and 
analyzed.  This  allows  us  to  characterize  the  performance  of  LUCIE  in  terms  of  extinction, 
absorption  and  scattering  lengths. 

Figure  3  is  a  graph  of  the  absorption  and  scattering  spectra  on  a  low  tmbidity  day 
in  1992.  The  scattering  length  is  3.0  meters  emd  the  absorption  length  is  6.25  meters  at 
532  nm.  From  the  width  of  the  forward  scattering  peaks,  we  estimated  the  scatterers  to 
be  of  relatively  small  size.  The  daily  variations  which  we  monitored  closely  are  strongly 
correlated  with  the  tidal  flow.  Figme  4  shows  the  absorption  and  scattering  spectra  on 
a  corresponding  low  tvnbidity  day  in  1993.  The  scattering  length  is  1.8  meters  and  the 
absorption  length  is  7.5  meters  at  527  nm.  The  daily  variations  were  again  shown  to  be 
related  to  the  tidal  flow. 

Detailed  images  have  been  shown  previously^”®.  The  maximum  useful  imaging  dis¬ 
tance  was  established  by  using  the  bar  target.  The  widest  bar  is  2.5  cm  in  width  and  the 
smallest  is  0.8  cm  wide.  At  maximum  range  the  0.8  cm  bars  etre  still  resolvable  but  the 
noise  is  considerable.  In  these  conditions  LUCIE  can  resolve  objects  which  subtend  0.5  mr. 
At  that  limiting  resolution  the  range  was  12  m  in  1992.  A  range  of  11  meters  was  obtained 
in  1993.  In  the  1992  trial  we  estimate  that  the  performance  of  LUCIE  was  limited  by 
the  loss  of  signal  due  to  absorption  and  scattering.  The  gate  width  and  laser  pulse  length 
of  7  ns  were  sufficiently  short  to  ensure  that  the  backscatter  from  the  illiuninated  volmne 
resulted  in  a  negligible  loss  of  contrast.  In  the  1993  trial,  at  the  longest  ranges,  we  obtained 
images  with  signals  considerably  above  noise  and  with  the  scattered  photon  component 
dominating  the  image.  This  is  due  to  the  fact  that  in  this  latter  case,  scattering  was  much 
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larger  than  absorption.  These  images  are  suitable  candidates  for  image  enhancement  and 
we  are  currently  proceeding  with  their  analyns. 


5.  PERFORMANCE  ESTIMATE 

In  principle  the  range  limit  of  range  gated  ima^ng  systems  can  be  estimated  given  the 
absorption  and  scattering  data.  Our  results  for  both  versions  of  LUCIE  can  be  explained 
to  first  order  by  a  very  simple  theory^  In  the  narrow  angle  forward  direction  the 
scattering  phase  function  follows  an  inverse  power  law^  as  a  function  of  9.  Amush^  has 
solved  beam  propagation  problem  in  the  small  angle  scattering  approximation  using  the 
following  representation  for  the  phase  function. 

e~^ 

{2ne,e) 

We  have  found  that  a  value  of  B,  =  .04  ^ves  an  order  of  magnitude  fit  to  both  of  our 
scattering  functions.  The  laser  beam  half  width  is  then  given  by 


to 


+ 


(2) 


where  z  is  the  target  distance  from  the  laser,  s  is  the  scattering  coefficient  and  is  the 
initial  beam  divergence  half  angle.  In  our  case  Bq  is  30  mr  in  water.  When  the  phase 
function  is  assumed  to  follow  a  gaussian  form^*^  the  factor  of  2/3  in  equation  3  is  merely 
replaced  by  1/3.  That  such  different  forms  give  rise  to  such  similar  results  shows  the 
insensitivity  of  laser  beam  broadening  to  the  exact  form  of  the  phase  function  in  the  case 
where  small  angle  scattering  dominates. 

Given  the  beam  broadening  of  a  radially  synunetric  laser  beam  of  either  gaussian  or 
”fiat  top”  radial  intensity  profile,  the  performance  of  an  imaging  ^stem  can  be  evaluated^. 
For  an  N  frame  average  the  range  is  thus  obtained  by  solving  the  following  non-linear 
equation. 


{y/NPo) 
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In  the  above  equation,  Ii  is  the  threshold  sensitivity  of  the  camera  in  watts  per  meter 
squared.  Pq  is  the  laser  power  in  watts,  is  the  beam  divergence  angle  in  radians  which, 
for  optimum  performance,  is  set  equal  to  the  field  of  view,  a  and  s  are  the  absorption  and 
scattering  coefficients  in  units  of  inverse  meters.  D  is  the  diameter  of  the  camera  lens. 
h  is  the  vertical  dimension  of  the  image  on  the  intensifier  front  surface.  Rt  is  the  target 
reflectivity  and  z  the  distance  of  the  target  from  the  imaging  system. 

As  was  shown  in  a  previous  work’  it  is  instructive  to  rearrange  equation  3  in  terms  of 
the  following  parameters. 


»■€(¥)(?) 
V  =  (2a  +  s)z 


(4) 
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Equation  3  can  therefore  be  rewritten  as: 

G(2a  +  af  =  +  FV)  (7) 

G  groups  together  the  intrinsic  system  parameters.  V  contains  the  direct  dependence  on 
the  type  of  water  in  which  the  system  operates.  F  is  a  measure  of  the  effect  of  the  laser 
beam  broadening  on  the  system.  Figure  5  is  a  plot  of  V  as  a  function  of  G{2a  +  for 
different  values  of  F.  It  is  at  first  glance  somewhat  surprising  that  the  range  performance 
of  the  system  improves  with  a  larger  field-of-view  for  the  same  laser  power.  This  is  a 
consequence  of  the  fact  that  the  FOI  and  FOV  are  matched.  For  a  sufficiently  small  FOV 
a  significant  firaction  of  the  illtuninating  photons  are  diffused  out  of  the  image  and  lost 
to  the  system.  However,  when  the  FOV  is  sufficiently  large,  most  of  the  scattered  laser 
photons  fall  on  the  image  and  the  range  performance  therefore  improves. 

Boimds  can  easily  be  established  for  the  various  components  of  equation  7.  G  can 
range  from  ,1  to  10*.  F  goes  from  2/3  to  2  x  10“*/3.  As  we  move  from  harbour  waters  to 
the  deep  open  ocean,  (2a  +  s)^  goes  from  10  to  4  x  10~^.  The  points  show  the  measured 
performance  of  LUCIE.  IVom  the  NEARSCAT  data,  on  day  1  the  scattering  coefficient  at 
532  nm  was  0.33  m~^  and  the  absorption  coefficient  0.16  m~^.  On  day  2  the  scattering 
coefficient  was  0.53  m~^  and  the  absorption  coefficient  0.12  m~*.  If  we  substitute  these 
numbers  into  equation  7  and  assume  a  target  refiectivity  of  1  we  obtain  as  a  maximum 
range  14  m  for  the  conditions  prevailing  on  day  1  and  a  maximum  range  of  11.5  m  for  day 
2.  This  result  is  conservative  since  the  bar  target  was  detected  at  15  m  on  day  1. 

As  is  shown  the  simple  theory  predicts  reasonably  the  performance  of  two  different 
systems  under  very  different  operating  conditions.  Considering  the  simple  assumptions 
made  in  deriving  the  received  intensity,  the  accuracy  is  at  first  glance  surprising.  Upon 
closer  analysis  the  dominant  factor  in  determining  the  range  is  the  (2a  +  s)z  exponential 
dependence.  The  error  of  the  estimate  is  therefore  most  likely  due  to  the  inherent  error 
in  the  measurement  of  the  absorption  and  scattering  coefficients.  This  situation  is  the 
opposite  of  that  foimd  in  the  atmosphere  where  the  denominator  in  equation  3  dominates 
over  the  exponential  dependence. 


6.  CONCLUSIONS 

We  have  developed  a  simple  theory  which  predicts  to  first  order  the  performance  of 
range  gated  imaging  systems.  The  resxilts  of  tests  carried  out  with  both  a  low  power  narrow 
field-of-view  system  and  a  high  power  variable  field-of-view  version  under  substantially 
different  water  clarity  conditions  are  in  close  agreement  with  this  theory.  We  now  have  a 
substantial  data  base  of  range  gated  underwater  images  and  corresponding  scattering  and 
absorption  spectra  which  we  are  analyzing  in  order  to  evaluate  the  effectiveness  of  various 
image  processing  techniques.  LUCIE  at  present  has  shown  a  range  increase  of  3  to  5  times 
that  of  a  conventional  imaging  system  in  waters  which  are  typical  of  harbours  and  their 
approaches. 
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LUCIE  CAMERA 
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Figure  1.  Outline  of  the  LUCIE  system. 


Figure  2.  Schematic  of  the  optics  and  electronics. 
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Figure  3.  Scattering  and  absorption  spectra  for  the  1992  trial. 
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Figure  4.  Scattering  and  absorption  spectra  for  the  1993  trial. 


420  /  SPIE  Vol.  2258  Ocean  Optics  XII  (1994) 


Normalized  Performance 


Figure  5.  Non-dimensional  plot  of  the  range  performance  of  gated  systems.  The  circles 
are  the  measured  system  performance  and  the  squares  the  predicted  system  performance. 
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ABSTBACT 

Airborne  laser  hydrography  is  the  process  of  measuring  the  depth  of  coastal  waters,  for 
the  purpose  of  nautical  charting,  by  firing  a  pulsed  laser  beam  into  the  water  from  an 
airborne  platform.  In  this  application  of  LIDAR  (Light  Detection  and  Ranging),  the  times 
of  flight  for  signals  detected  from  the  reflection  of  the  light  pulse  off  the  air/water 
"surface"  interface  and  off  the  sea  bottom  are  converted  into  slant  range  distances  from 
which  the  water  depth  can  be  determined.  The  interaction  of  a  light  pulse  with  the  sur¬ 
face  and  near-surface  region  of  the  water  column  involves  a  ntimber  of  complex  phenomena 
which  depend  on  environmental  conditions  and  system  parameters,  and  great  care  must  be 
taken  in  system  design  and  data  processing  to  obtain  an  accurate,  reliable,  and  unambig¬ 
uous  result.  The  SHOALS  system  records  data  for  three  independent  channels  which  contain 
surface  information.  Two  of  these,  the  infrared,  which  is  effectively  an  interface  re¬ 
turn,  and  Raman,  which  is  strictly  a  volume  return,  are  used  singly  or  in  concert  to  en¬ 
sure  that  these  goals  are  met.  Results  from  the  green  channel  are  ambiguous  due  to  the 
uncertain  nature  of  the  origin  of  that  energy  (between  interface  reflection  and  volume 
backscatter),  and  are  not  used.  Field  test  results  indicate  that  easily  detectable  re¬ 
turns  were  received  in  both  infrared  and  Raman  channels  under  virtually  all  test  condi¬ 
tions.  The  use  of  independent  surface  channels  also  permits  operation  at  extremely  shal¬ 
low  depths.  Excellent  delineation  of  tidal  erosion  "cuts"  through  nearly  exposed  "mud 
banks"  was  obtained  in  Florida  Bay  for  use  in  flow  modeling  programs. 

1.  nnBaoDCTiGM 

The  Scanning  Hydrographic  Operational  Airborne  Lidar  Survey  (SHOALS)  is  a  hydrographic 
survey  system  recently  developed  for  the  U.S.  Army  Corps  of  Engineers  and  the  Canadian 
Department  of  Science,  Industry,  and  Technology  by  Optech,  Incorporated.^  SHOALS  consists 
of  a  computer-controlled  airborne  laser  transceiver  capable  of  measuring  200  soundings 
per  second  using  a  pulsed,  frequency-doubled  Nd:YAG  laser.  Both  green  and  collinear 
infrared  pulses  are  utilized.  The  pod-mounted  system  operates  from  a  Bell  212  helicopter. 
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flying  at  from  200  to  1000  meters  altitude,  with  a  speed  of  from  0  to  100  knots.  With 
the  standard  20-degree  off-nadir  scanning  angle,  the  swath  width  surveyed  is  half  the 
aircraft  altitude.  The  helicopter  is  being  provided  by  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  Aircraft  Operations  Center,  and  the  system  will  be 
operated  by  John  E.  Chance  &  Associates. 

The  most  important  requirements  of  an  airborne  laser  hydrography  system  are  vertical  and 
horizontal  accuracy  and  depth  penetration;  we  will  deal  here  with  the  aspects  of  vertical 
accuracy.  The  depth  which  must  be  determined  is  the  vertical  distance  between  some  refer¬ 
ence  height  and  the  sea  bottom.  Different  references  are  used  for  different  purposes  by 
different  agencies.  For  nautical  charting,  NOAA's  Coast  and  Geodetic  Survey  typically 
uses  "mean  lower  low  water"  (MLLW)  as  a  reference.  Depths  are  first  measured  with  respect 
to  the  mean  water  surface  and  then  corrected  to  MLLW  through  the  use  of  a  tide  corrector 
which  references  the  mean  water  level  at  a  given  location  to  MLLW.  This  approach  requires 
that  tides  be  measured  constantly  during  the  hydrographic  survey  (as  well  as  before  and/or 
after,  in  order  to  establish  an  accurate  datum). 


In  this  approach,  which  is  currently  used  by  all  operational  airborne  laser  hydrography 
systems, the  depth  is  determined  by  differencing  the  measured  distances  from  the 
airborne  platform  to  the  water  surface  and  to  the  bottom.  The  distance  to  the  surface 
must  thus  be  determined  with  an  accuracy  better  than  that  required  of  the  overall  depth 
measurement.  Although  different  measurement  techniques  and  procedures  are  used  in  the 
different  systems,  it  is  generally  true  that  the  measurements  are  affected  by  the  presence 
of  waves  on  the  water  surface,  and  that  in  order  to  achieve  the  best  possible  vertical 
accuracy,  the  mean  water  level  at  the  locations  of  the  sounding  pulses  must  be  obtained 
as  a  spatial  average  of  local  water  surface  heights. 

An  alternate  approach,  which  should  become  practical  in  the  near  future,  involves  the  use 
of  the  satellite-based  Global  Positioning  System  (GPS)  with  kinematic  differential  car¬ 
rier-phase  tracking^  and  "on-the-fly"  (OTF)  ambiguity  resolution^  to  provide  a  highly 
accurate  (several  centimeter)  measure  of  the  vertical  height  of  the  surveying  platform 
with  respect  to  the  ellipsoid  while  the  vertical  distance  from  the  platform  to  the  sea 
bottom  is  being  simultaneously  measured.  The  "ellipsoid"  refers  to  a  standard  mathemat¬ 
ical  ellipsoid  of  revolution  which  has  been  chosen  as  a  best  fit  to  the  surface  of  the 
earth  --  as  a  whole  or  at  some  specified  location.  Examples  which  are  in  current  use  are 
termed  "WGS84"  and  "NAD83".  If  the  tidal  datum  at  a  given  location  is  also  measured  with 
respect  to  the  ellipsoid  using  GPS,  the  water  depth  with  respect  to  that  tidal  datum  can 
be  determined  without  the  need  of  measuring  the  tidal  heights  at  the  time  of  the  hydro- 
graphic  survey. 


It  is  important  to  note  that  even  if  GPS  techniques  are  adopted  for  obtaining  depths  by 
measuring  the  distance  to  the  bottom  relative  to  the  ellipsoid,  the  distance  to  the  water 
surface  must  still  be  accurately  measured,  because  the  light  pulse  travels  a  fraction  of 
the  distance  to  the  bottom  in  air  and  the  remainder  in  water,  for  which  the  speed  of  light 
is  significantly  slower.  For  either  method,  given  a  detectable  surface  return,  the  re¬ 
sulting  depth  error  is  roughly  one-quarter  of  the  error  in  the  surface  height  measurement 
plus  three-quarters  of  the  error  in  the  altitude  estimate.^*®  The  benefit  for  using  the 
GPS  approach  is  that  a  wave  correction  procedure  to  convert  local  surface  heights  to  the 
mean  water  level,  a  complex  and  computationally  intensive  process  in  software,  would  not 
be  necessary.  The  former  approach,  however,  with  its  calculation  of  a  mean  water  level, 
does  have  an  advantage  in  that  it  permits  depth  estimation  even  for  (a  limited  number  of) 
pulses  whose  surface  returns  are  missing,  with  a  depth  error  related  to  one-quarter  of 
the  physical  wave  height. 
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It  is  clear  that  accurate  measurement  of  the  transit  time  of  the  green  sounding  pulse, 
or  a  collinear  equivalent,  to  the  surface  of  the  water  is  imperative  for  every  airborne 
lidar  hydrography  system.  SHOALS  has  three  potential  surface  channels.  Waveforms  are 
digitized  from  detectors  at  wavelengths  of  1064  nm  (infrared),  647  nm  (red),  and  532  nm 
(green).  The  measurement  of  the  time  to  the  surface  is  determined  by  the  detection  of 
any  of  these  singly  or  with  "priority  logic"  which  defaults  to  a  lower  priority  channel 
should  the  signal  in  a  higher  priority  channel  be  missing. 

2.  THE  GBEBM  SURFACE  RETURN 


The  sounding  beam  which  must  penetrate  the  water  to  the  bottom  is  green  in  all  airborne 
laser  hydrography  systems  because  that  is  the  wavelength  for  which  attenuation  in  typical 
coastal  waters  is  minimized^  so  that  depth  penetration  is  maximized.  The  use  of  the  green 
beam  for  surface  detection,  however,  is  a  problem.  In  order  to  cover  a  swath  under  the 
aircraft,  the  laser  pulses  are  scanned  across  the  flight  path  at  or  up  to  off -nadir  angles 
as  large  as  20  degrees  For  laser  light  to  be  reflected  back  into  a  co-located  (monosta- 
tlc)  receiver  from  the  alr/water  Interface,  water  waves  must  present  facets  perpendicular 
to  the  incoming  pulses.  Since  the  presence  of  gravity  waves  with  such  large  slopes  would 
likely  resuspend  bottom  sediments  and  make  the  water  too  turbid  for  satisfactory  penetra¬ 
tion  to  the  bottom,  one  must  depend  on  wind-generated  capillary  waves  with  centimeter- 
order  wavelengths.  If  sufficient  wind  is  not  blowing,  the  average  facet  angle  may  be  too 
small, and  the  interface  reflections  in  the  direction  of  the  receiver  may  not  be  suf¬ 
ficient  for  detection. 


The  green  pulses,  however,  having  passed  through  the  interface,  are  partially  backscat- 
tered  off  particulate  material  entrained  in  the  water  column.  The  peak  of  this  volume 
backscatter  signal,  being  much  stronger  than  a  typical  bottom  return,  is  relatively  strong 
and  easily  detected  in  the  absence  of  an  interface  return.  Since  it  arises  from  the  water 
column,  this  return  arrives  later  than  the  interface  return  by  a  time  differential  which 
depends  primarily  on  the  temporal  pulse  width  and  pulse  location  algorithm  but  also  on 
water  clarity.  For  the  5  to  7  nanosecond  pulse  widths  typical  of  lasers  in  current  use 
for  this  application,  this  would  lead  to  unacceptably  large  depth  errors  in  the  20-70  cm 
range^^  (30-40  cm  for  a  leading-edge  50Z  linear  fractional  threshold  pulse  location  algo¬ 
rithm)^^  if  the  volume  return  were  mistaken  for  an  interface  return,  which  could  easily 
happen . 

If  the  origin  of  each  pulse  were  known  and  unique,  those  perceived  to  be  volume  returns 
could  be  corrected  to  the  interface  by  the  application  of  predicted  biases  based  on  models 
and/or  field  measurements.  Neither  case,  however,  is  true.  For  most  wind  conditions  and 
moderate  off -nadir  angles,  the  surface  return  origin  can  "flip-flop"  \inpred let ably  back 
and  forth  from  pulse  to  pulse^^  according  to  the  sea  surface  statistics.  One  pulse  might, 
for  example,  strike  a  mass  of  capillaries  piled  up  near  a  gravity  wave  crest  and  give  a 
big  interface  return,  while  the  next  might  hit  a  flat  trough  area  and  yield  nothing  but 
voltime.  The  observed  behavior  will  be  a  strong  function  of  wind  and  off -nadir  angle  with 
much  stronger  and  more  numerous  interface-dominated  returns  arising  at  off -nadir  angles 
under,  say,  ten  degrees  and  mostly  volume-dominated  returns  at  larger  angles. 

In  general,  pattern  recognition  to  determine  the  origin  of  an  individual  return  is  not 
practical,  as  the  Ildar  "surface"  return  is  a  linear  combination  of  interface  and  volume 
backscatter  energy  whose  character  can  be  very  "mixed".  A  green  surface  return  waveform 
can  have  a  leading  edge  with  some  fraction  dominated  by  interface  energy  while  the  peak 
location  is  dominated  by  the  volume  return. The  arrival  time  of  green  surface  returns 
is  thus  an  inaccurate  measure  of  surface  location.  Unless  Interface  returns  can  be  guar¬ 
anteed,  which  is  a  rare  occurrence  at  the  larger  off -nadir  angles  preferred  for  a  cost- 
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effective  swath  width  and  for  minimizing  the  uncertainty  in  the  propagation- induced  bias 
corrector, the  use  of  green  surface  returns  is  likely  to  lead  to  unacceptably  large 
depth  measurement  errors. 

Laser  designers  take  note:  if  an  otherwise  satisfactory  laser  (in  terms  of  pulse  energy 
and  repetition  rate)  are  developed  with  a  pulse  width  (FWHM)  of  two  nanoseconds  or  less, 
this  error  would  shrink  to  within  the  vertical  accuracy  error  budget  and  make  irrelevant 
much  of  the  remainder  of  this  paper. 

3.  THE  INFSABED  SURFACE  RETURN 

The  natural  wavelength  of  a  Nd:YAG  laser  is  at  106A  nm  in  the  infrared  (IR).  Frequency 
doubling  these  pulses  to  532  nm  is  an  inefficient  process,  and  a  great  deal  of  IR  energy 
is  left  over.  This  energy  can  be  put  to  good  use  by  sending  it  to  the  water  surface 
either  as  a  narrow,  collinear  beam  as  in  SHOALS  or  as  a  broad,  vertical  beam  as  in  the 
Australian  LADS  system. 

The  Fresnel  reflection  characteristics  of  infrared  energy  from  the  air/water  interface 
are  basically  the  same  as  in  the  green.  Because  the  diffuse  attenuation  coefficient  of 
water  is  much  greater  at  this  IR  wavelength  (by  a  factor  of  50-100x  over  the  green^^), 
the  physical  origin  of  any  detectable  IR  volume  backscatter  is  limited  to  a  region  much 
closer  to  the  interface.  Thus  the  IR  surface  return  resulting  from  a  5-7  ns  pulse  width 
can  provide  accurate  surface  timing  regardless  of  its  interface  or  volume  character. 

There  are  several  problems,  however,  with  this  signal.  By  far  the  biggest  is  that,  in 
the  absence  of  an  interface  return,  the  vol\ime  return  may  be  too  weak  to  detect  due  to 
the  greater  atteniiation.  If  so,  operation  of  a  collinear  IR  beam  at  larger  off -nadir 
angles  would  be  constrained  to  more  windy  conditions  which  are  not  necessarily  desirable. 
Evidence  is  growing  from  SHOALS  field  data,  however,  that  for  most  if  not  all  cases  of 
interest,  the  IR  volume  return  may  be  strong  enough  for  typical  coastal  waters  to  be 
detected  by  a  sensitive  receiver.  The  SHOALS  IR  channel  is  approximately  50  times  more 
sensitive  than  the  green  surface  (and  shallow  bottom)  channel,  and  additionally,  the  laser 
output  in  the  IR  is  three  times  greater  than  in  the  green.  A  minor  problem  which  can 
affect  the  performance  of  an  IR  surface  channel  is  early  returns  from  above  the  surface 
caused  by  puffs  of  condensed  water  vapor  (sea  smoke)  or  bird  strikes. 

Another  use  of  IR  in  SHOALS  is  the  discrimination  of  returns  from  land.  Land  returns  must 
be  recognized  and  excluded  from  the  wave  correction  process,  because  otherwise  they  would 
affect  the  calculation  of  the  mean  water  level.  The  technique  utilized  is  a  comparison 
of  signal  levels  from  two  cross-polarized  IR  channels.  This  application,  too,  could  be 
compromised  by  excessively  low  signal  strength.  It  is  also  possible  for  the  land/water 
discrimination  to  be  confused  by  Interface  reflections  from  extremely  thin  layers  of  water 
on  land  areas. 


4.  THE  RAMAN  SURFACE  RETURN 

The  dominant,  elastic  (on- frequency)  scattering  processes  for  light  in  natural  waters  are 
either  molecular  (Rayleigh)  or  particulate  (Mie,  Tyndall)  in  origin.  Raman  backscatter, 
named  after  its  discoverer.  Sir  Chandrasekhara  Raman  (1888-1970),  is,  in  general,  an  in¬ 
elastic  process  in  which  the  energy  of  an  incident  photon  is  either  increased  (anti- 
Stokes)  or  decreased  (Stokes),  and  the  wavelength  of  the  exiting  photon  is  corresponding¬ 
ly  shorter  or  longer.  The  vibrational  modes  of  the  0-H  stretch  in  liquid  water  yield  a 
set  of  broad  Stokes  lines  representing  the  different  structural  species  (monomer,  polymer, 
etc.);  together  these  compose  a  band  with  a  wavenumber  (frequency  reduction)  centered  at 
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roughly  3350  cm"^  and  a  width  of  about  700  The  resulting  scattering  process  con¬ 

verts  a  small  portion  of  the  incident  green  lidar  pulses  at  532  nm  into  weak  pulses  of 
red  light  centered  at  about  6A7  nm. 

It  was  felt  that  SHOALS  would  benefit  from  the  time  and  amplitude  information  of  the  Raman 
backscatter  signature  returning  from  the  water  in  the  form  of  these  pulses  of  red  light. 
SHOALS  is  the  first  system  to  use  Raman  returns  for  hydrographic  purposes.  Prior  applica¬ 
tions  of  the  use  of  an  airborne,  water  Raman  lidar  include  the  estimation  of  oil  film 
thickness, the  normalization  of  laser-induced  fluorescence  returns  for  the  estimation 
of  the  concentration  of  chlorophyll  and  phycoerythrin,^®  and  a  proposal  for  sub-surface 
temperature  estimation. Raman  backscatter  also  plays  an  important  role  in  the  spectral 
redistribution  of  energy,  such  as  the  production  of  red  light  in  deep  ocean  waters,  which 
can  seriously  confuse  irradiance  and  attenuation  measurements.^^ 

The  Raman  scattering  cross  section  is  a  very  strong  function  of  the  wavelength,  varying 
as  the  inverse  fourth  power  of  the  emission  wavelength,^®  which  yields  stronger  returns 
with  ultraviolet  excitation  than  with  green.  It  would  be  nearly  seven  times  stronger,  for 
example,  at  tripled  Nd:YAG  (355  nm)  than  for  doubled  Nd:YAG.  The  cross  section  at  90 
degrees  has  been  measured  at  8.2E-34  m^/molecule-sr  at  A88  nm;®^  this  is  equivalent  to 
5.AE-3A  m^/molecule-sr  at  532  nm.  The  depolarization  ratio  (the  ratio  of  the  perpendic¬ 
ularly  polarized  intensity  of  Raman  scattered  energy  to  the  parallel  polarized  component) 
for  water  is  about  0.16,^®  which  means  the  parallel  component  is  roughly  six  times  stron¬ 
ger.  For  this  depolarization  ratio,  the  intensity  of  the  parallel  conwonent  is  three 
times  greater  in  the  forward  and  backward  directions  than  at  90  degrees.^”  (The  perpen¬ 
dicular  component  is  isotropic.)  Multiplying  the  above  cross  section  by  three  for  the 
backscatter  direction  and  by  3.3E28  molecules/m®  (the  number  density  of  water)  yields  a 
Raman  backscatter Ing  coefficient  of  5.AE-5  m"^  sr"^.  This  is  roughly  one-third  the  on- 
frequency  backscatter ing  coefficient  for  distilled  water, ^^ten  times  less  than  deep  ocean 
water,  and  30  to  100  times  less  than  typical  coastal  waters.^® 

This  cross  section  is,  however,  large  enough  to  provide  a  lidar  return  signal  of  suffi¬ 
cient  strength  to  be  easily  detected  and  used  for  surface  Identification,  particularly 
at  lower  flight  altitudes.  Indeed,  during  the  Initial  SHOALS  field  tests  (January  199A), 
the  amplifier  gain  in  this  channel  had  to  be  reduced  to  preclude  unexpected  saturation 
of  the  digitized  signal.  This  return  can  be  inadvertently  augmented  slightly  by  laser- 
induced  fluorescence.  The  long  wavelength  tail  of  the  phycoerythrin  peak,  the  broad 
spectrum  of  dissolved  organic  materials,  and  the  short  wavelength  tail  of  the  chlorophyll 
peak  can  all  contribute  energy  to  the  17-nm  optical  bandpass  of  the  red  (Raman)  channel. 
Although  these  signal  sources  would  beneficially  Increase  the  received  signal-to-noise 
ratio,  they  cannot  be  depended  upon,  and  the  effects  are  relatively  minor.  The  Raman 
signal  can  be  reduced  or  suppressed  by  the  existence  of  an  oil  film.®^  For  this  reason, 
it  is  beneficial  to  have  the  IR  channel  as  a  backup. 

The  Raman  return  is  desirable  because  its  origin  is  unambiguous,  being  strictly  from  the 
volume  and  having  no  Interface  component,  and  because  it  has  comparatively  little  depen¬ 
dence  on  wind  speed  or  nadir  angle.  Since  it  is  a  volume  return,  a  bias  corrector  must 
be  applied  to  move  the  time  measurement  back  to  the  interface.  This  bias  corrector,  which 
has  the  same  characteristics  as  that  for  elastic  scattering,  is  slightly  smaller  than  for 
the  green  return  since  the  diffuse  attenuation  coefficient  is  a  bit  greater  for  the  re¬ 
turning  red  pulses,  and  depends  on  the  pulse  location  algorithm  and  water  clarity.  The 
Raman  bias  corrector  can  be  predicted  from  an  analytic  model, and  this  model  can  be 
validated  in  field  data  by  comparison  with  IR  returns  when  both  are  present.  Another 
beneficial  characteristic  of  Raman  returns  is  that  they  will  not  be  generated  by  sea 
smoke,  because  the  number  density  of  water  molecules  in  fog  is  much  less  than  in  a  mass 
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of  liquid  water.  It  remains  to  be  seen  from  field  data  if  bird  feathers  are  fluorescent 
enough  to  produce  a  false  return. 

In  very  shallow  waters,  only  a  few  meters  deep,  weak  Raman  bottom  returns  can  be  detected 
from  the  reflection  of  forward  scattered  red  light  and  Raman  conversion  of  the  green  bot¬ 
tom  reflection.  A  leading-edge  pulse  location  algorithm  is  thus  required  rather  than  a 
pulse-shape  sensitive  detector  such  as  a  constant- fraction  discriminator  (CFD)  or  an  ener¬ 
gy  detector  such  as  a  matched  filter. 

The  Raman  return  can  also  be  useful  in  the  land/ water  logic.  The  presence  of  a  return 
in  the  Raman  channel  Indicates  either  a  significant  thickness  (magnitude  yet  to  be  deter¬ 
mined)  of  water  or  fluorescence  from  items  on  land  such  as  vegetation.  The  latter  can 
be  rejected  by  application  of  an  adaptive  amplitude  threshold. 

5.  SBQALS  SIOIAL  PROCESSING 

Because  of  the  uncertainty  of  the  depth  of  the  origin  of  the  green  return,  that  channel 
will  never  be  used  for  depth  determination  in  either  hardware  or  software,  although  the 
information  may  be  used  for  diagnostic  purposes.  The  availability  of  both  IR  and  Raman 
information  lends  great  redundancy  and  virtually  ensures  the  detection  of  surface  returns 
under  all  expected  conditions.  It  also  provides  the  ability  to  detect  in  software,  by 
inter comparison  on  a  pulse-to-pulse  basis,  anomalous  situations  which  might  compromise 
accuracy.  Timing  differences  greater  than  a  set  threshold,  for  example,  can  be  used  as 
a  pulse  rejection  criterion. 

In  addition  to  providing  real-time  hardware  surface  detection,  SHOALS  also  records  digi¬ 
tized  waveforms  for  each  of  the  above  three  channels  which  contain  surface  information 
so  that  these  can  also  be  processed  later  in  software  if  desired.  Depths  may  be 
calculated  using  surface  timing  from  either  hardware  or  software  detection.  The  former 
runs  faster,  but  the  latter,  in  some  cases,  may  be  more  accurate.  Timing  differences 
between  hardware  and  software  surface  detection  can  be  constantly  monitored  during  post¬ 
flight  data  processing.  The  probability  of  successful  surface  returns  in  each  surface 
channel,  for  both  hardware  and  software  detection,  is  also  available.  Depths  which  may 
have  been  missed  or  mistaken  by  the  hardware,  due  perhaps  to  incorrect  threshold  settings, 
can  be  resurrected  in  processing  by  using  software  surface  detection. 

The  use  of  independent  channels  for  surface  detection  also  permits  the  measurement  of  ex¬ 
tremely  shallow  depths  for  which  the  surface  and  bottom  returns  in  the  green  channel  are 
merged,  as  long  as  the  bottom  returns  are  significantly  stronger,  which  they  typically 
are  at  a  20-degree  off -nadir  angle.  Software  processing  is  preferred  here  for  greatest 
accuracy.  From  preliminary  field  data  recently  acquired  in  a  SHOALS  survey  in  the  Florida 
Bay  region  of  Everglades  National  Park  sponsored  by  NOAA's  National  Ocean  Service,  it 
seems  that  SHOALS  will  be  useful  in  depths  as  shallow  as  one  meter.  This  provides  the 
added  benefit  of  being  able  to  use  the  system  in  such  environmentally  sensitive  wetland 
areas.  The  Florida  Bay  data,  for  example,  dramatically  delineates  the  network  of  very 
shallow  tidal  "cuts"  (Figure  1.)  eroded  through  the  large  mud  banks  which  restrict  the 
flow  of  water  in  the  region.  This  data  is  expected  to  be  useful  in  modeling  the  transport 
phenomena  in  this  endangered  region. 


6.  CONCUSIOliS 

The  utilization  of  independent  infrared  and  Raman  surface  channels  in  the  SHOALS  airborne 
lidar  hydrography  system  provides  reliable,  \inambiguous ,  and  accurate  surface  location, 
for  depth  determination,  at  a  20-degree  off-nadir  angle.  This  permits  a  usable  sounding 
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swath  width  under  the  aircraft  equal  to  half  of  the  flight  altitude*  independent  of  wind 
conditions.  It  also  permits  the  scanner  pattern  to  avoid  near-nadir  incidence  where  the 
receiver  is  subjected  to  a  very  difficult  amplitude  dynamic  range  and  where  the  variation 
in  propagation -induced  depth  bias  with  unknown  water  clarity  parameters  is  quite  large. 
There  appears  to  be  no  inherent  reason  why  this  angle  could  not  be  increased  even  further 
if  that  were  desirable.  Post-flight  processing  software  can  be  used  to  provide  the  high¬ 
est  possible  accuracy  and  rejection  of  anomalous  data. 
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Figuft’  1.  Tlu'  K.ihliit  Ki'v  <  h,-iiun!ls  in  Klornia  Bay  as  do  1  i lU'at  ml  by  f  ho  SllOAI.S  airborno 
lid.'ii'  hviifograjiby  systt’m. 

riio  suifoniid  i  ng  black  aroas  aro  nnsurvoy<'d.  'I’ho  irrogular,  voctic'al  blac;k  aroa  is  a  short 
soct  ion  111  a  vorv  shallow  (  loss  than  ono  motor  ilopth)  mud  bank  running  H'  rfdi  and  south. 
It  is  black  bocausc'  t  ho  depths  aro  too  shallow  to  hi?  doLo.ctod  with  t  ho  given  soltwaro 
paramc't  ('r  i /at  ion.  I’hi'  hori/ontal  leat.urtfS  aro  the  "cuts"  of  interest  to  modelers  whiih 
range  in  depth  from  one  to  t  hroi’  nu'tiM's.  Th(>  1  idar  swath  width  oviilont  at  the  survey  lino 
('lids  (along  t  h('  sides  of  the  figur(')  is  100  meters.  Tln'ro  art'  roughly  ono  million  coloi- 
codod  soundings  in  t  ht'  art'a. 
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ABSTRACT 

The  present  work  consists  of  two  parts.  In  the  first  part,  the  principal  results  of  the  scattering  theory  of  ultra 
short  light  pulses  (USLP)  by  a  small  spherical  particle,  are  briefly  outlined.  In  the  second  part,  the  peculiarities  of 
the  USLP  scattering  by  marine  suspension  are  examined. 

1.  INTRODUCTION.  PECULIARITIES  OF  THE  USLP  SCATTERING  BY  A  SMALL  PARTICLE. 

General  calculational  formulae  for  optical  characteristics  of  a  small  particle  in  light  pulse  field  are  given  in^<^. 

In  these  works,  a  case  is  considered  of  irradiation  of  a  sphere  with  a  radius  a  by  a  pulse  of  an  arbitrary  shape,  with  a 
duration  T.  It  is  supposed  that  a  particle  is  irradiated  by  electromagnetic  field  by  the  following  expression: 

E.  =E,  g(T)e'®o^  (1) 

It  is  a  modulated  plane  wave  propagating  along  the  OZ  axis  with  the  carrier  frequency  a)o  •  phase  T  =  t-  z/  c  +  v^ 
and  envelope  g(t).  The  values  Ei,Eo,  t,  z,  c  are  commonly  used  symbols  in  optics.  The  initial  phase 
Vr determines  the  pulse  position  on  the  time  axis  relative  to  the  time  origin  t.  The  origin  of  comdinate  is  situated  at 
the  particle  centre.  Using  the  Fourier  theorem,  we  can  represent  a  pulse  as  an  infrnite  set  of  plane  waves.  The 
scattering  of  an  every  plane  wave  is  calculated  with  the  Mie  formulae.  The  total  field  scattered  in  the  given  direction 
is  calculated  as  a  sum  of  individual  fields  originated  by  individual  plane  waves.  Such  is  a  general  interpretation  of 
the  pulse  scattering  in*.  It  provides  a  complete  solution  to  the  problem. 

When  using  the  Fourier  theorem,  negative  frequencies  appear  in  the  calculations.  They  can  be  eliminated  in  the 
following  manner.  Let  G((a)  is  the  Fourier  image  of  the  pulse  envelope  g(x).  By  the  shift  theorem^  (p.  14),  the 
Fourier  image  g(T)e'^o  ^  is  equal  to  GfOMOo).  It  follows  that  the  incident  field 

eo 

Ei(<0o,t)  =  Eo  jG(a)-<Ob)c'“"da).  (2) 

•oe 

The  function  G((d)  as  a  Fourier  image  of  the  real  function  g(t)  satisfies  the  condition  G(-f2)  =  G*(Q).  This 
allows  us  to  write  the  formula  (2)  in  the  following  form: 

E.  =Eo|  |G(©-<Bo)e'®^dfi)  +  JG*((0  +  O)o)e''®^da)|  (3) 

There  is  no  negative  frequency  in  the  formula  (3).  It  represents  the  pulse  field  as  an  infinite  set  of  two  types  of  plane 
waves:  exp  [ifl)(t  -  z  /  c)]  and  exp  [-ito(t  -  z  /  c)]  correspondingly,  with  the  amplitudes  EoG(fl)  -  Q)o)exp  [±io)yr]da). 
The  field  scattering  for  both  wave  types  are  related  by  a  simple  expression.  This  relationship  is  examined  in^.  We  are 
not  going  to  use  in  the  calculations  the  second  term  in  (3);  we  will  consider  only  such  pulses  which  have  the  filling 
coefficient  fo  =  (Oo  /  &  >  L5  (m  =  2;r  /  T  is  the  frequency  corresponding  to  the  pulse  duration  T).  For  these  pulses, 
the  function  Gfto)  peaks  sharply  at  oi  =  tOo;  it  is  practically  equal  to  zero  at  |oi  -  a)o|  ^  &■  However,  the  second  term 
in  (3)  should  be  considered  for  pulses  with  wider  spectra  (that  is,  for  shorter  pulses). 

The  response  of  a  receiver  to  a  signal  is  proportional  to  the  total  incoming  energy  for  the  pbriod  of  reception, 
namely. 
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By  the  Rayieigh-Paiceval  theorem^  (p.  1 12),  the  integral  of  the  square  of  a  function  with  respect  to  t  from  -oo 
to  -t-oo  is  equal  to  the  integral  of  the  square  of  its  Fourier  spectrum  modulus  with  respect  to  (O  from  -<»  to  +oo. 
This  enables  all  optical  characteristics  of  a  particle  to  be  represented  as  single  integrals  with  respect  to  O).  The 
condition  fo  ^  1-S  and  the  Rayleigh-Parceval  theorem  considerably  simplify  the  calculations. 


The  intensity  of  linearly  polarized  light  scattered  in  the  direction  (t9,0)is  determined  by  the  formula 


cE^  ^  1  r  1 

=  -^1 -  JVo(s)||Si(t>.s)j^sin^^  +  +|s2(t>.s)pcos^^|ds 


Here  S ]  and  S2  are  the  Mie amplitudes';  s  =  (tu-tifol/^isthe dimensionless  frequency; 

Vo(s)  =  [w(s)^q/(s  +  ^  )]  ;  kg  -  2;r/Ao;  w(s)  is  the  Fourier  image  of  the  envelope  g(x).  For  the  Gaussian 
pulse,  at  g(  T)  =  exp(-  jc  t^  /  T^ ),  w(s)  =  exp(-  jes^  ).  It  is  easy  to  show  that  at  T  -> « ,  the  formula  (4)  transforms 
into  the  Mie  formula  for  the  monochromatic  wave  scattering  with  the  frequency  0)  =  0)o. 


In',  the  effect  of  the  pulse  duration  T  on  scattering  characteristics  is  considered.  The  calculations  show  that 
pulses  begin  affect  the  scattering  pattern  at  T  ^  SOTo  (Tq  is  the  period  of  a  carrier  wave).  For  the  visible  range 
(Ao  =  O.Spm),  this  means  that  T  ^  0.  Ips,  for  the  IR  range  (Aq  =  10pm)  -T  <  2ps,  for  the  microwave  range 
(Ao  -  1cm)  -  T  <  2ns.  The  pulse  influence  amounts  to  the  smoothing  of  interfering  effects.  Qualitatively,  it  is 
similar  to  changes  arising  under  the  transfer  from  the  monodisperse  to  polydisperse  scattering. 


a  tiMJ  I M  It «  f  I  iKltJ  Vlwii  V I P  It  iCL*l  M  ;t  ICI  WliKi  y  V  W  i 


The  calculations  in'  were  performed  in  the  approximation  of  single  scattering  by  atmospheric  aerosol.  For 
hydrooptics,  the  pattern  obtained  in'-^  should  be  amplified.  It  is  necessary  to  make  clear; 

a)  How  do  optical  characteristics  of  typical  marine  suspension  particles  change  under  pulse  irradiation? 

b)  How  does  the  pulse  scattering  pattern  in  sea  water  change  in  conditions  of  spectral  extinction? 

c)  How  does  a  pulse  affect  the  phase  function  shiqie  (or.  more  exactly,  mean  cosine  of  the  scattering  angle)  which 

determines  light  field  in  sea  water? 

a)  The  first  question  was  studied  in^.  In  this  work,  efficient  scattering  and  backscattering  cross-sections 

Qgcf^  and  ()back  calculated  for  terrigenic  and  biogenic  suspension  components.  Radiation  with  A,,  =  O.S32pm  is 
considered  (the  range  of  sea  water  maximum  transmittance)  for  pulses  of  the  duration  T=0.27''^  sec;  0.33.  lO*'^  sec 
and  10^'^  sec.  Terrigenic  particles  are  supposed  to  have  radii  up  to  2pm,  biogenic  ones-  up  to  10pm.  For  Oco.  of 
terrigenic  particles,  the  maximum  difference  with  monochromatic  values  takes  place  at  the  radius  interval  0.8-l.Spm; 
for  biogenic  particles  it  is  at  4-7.Spm  and  9-lOpm.  This  differences  are  not  big;  they  reach  10-15%.  The  situation 
is  different  for  In  this  case,  polychromatic  (pulse)  coefficients  (2back  significantly  differ  from  monochromatic 

ones.  The  latters  undergo  strong  interference  oscillations.  For  pulse  Qback<  these  are  smoothed.  For  terrigenic 
particles,  the  coefficient  (^back  increases  monotonuously  with  the  radius;  for  biogenic  ones  it  is  practically  constant. 

b)  The  extinction  index  c((0)  and  phase  function  of  sea  water  depend  on  the  frequency.  Because  of  that, 
when  a  pulse  propagates  in  sea  water,  the  pulse  signal  shape  changes  all  the  time  (as  opposed  to  the  atmosphere). 

As  a  result,  integral  (with  respect  to  spectrum)  characteristics  of  the  medium  depend  on  the  path  of  radiation.  In 
order  to  describe  this  phenomenon,  one  should  introduce  a  transmittance  function  depending  on  the  pulse  path. 
Strictly  speaking,  it  is  impermissable  to  introduce  characteristics  of  an  elementary  volume  for  the  given  pulse 
duration,  because  they  would  be  different  for  beams  with  different  pre-existing  conditions.  It  is  necessary  first  to 
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determine  the  photon  path  distribution.  This  distribution  can  be  found  from  the  solution  of  the  nonstationary 
transfer  equation.  Usually,  it  is  given  as  a  function  p(h).  It  is  the  probability  function  for  a  photon  to  have  a  path  h 
in  a  turbid  medium.  At  that,  the  factor  p(h)  exp  [-c(m)h]  appears  in  the  expression  under  integral  of  the  formula 
(4)  and  of  other  similar  formula  in*  for  other  optical  characteristics.  In  order  to  conceive  what  kind  of  changes  takes 
place,  let  us  consider  the  structure  of  a  straight  beam  which  travelled  the  path  h.  For  this  beam,  p(h)=l. 


Let  a  pulse  emitting  from  a  source  has  the  Gaussian  shape,  its  frequency  characteristic  with  respect  to  the 
intensity  is  w^(s)  =  exp(-2«s^ ),  where  s  =  (a)-<Uo)/te  is  the  dimensionless  frequency.  The  energy  density 
within  the  frequency  range  dm  is 


dWj 

dm 


— 2-w^(s). 
8rrm 


The  density  is  symmetric  about  frequency,  with  the  centre  at  m  =  mo.  Practically  all  the  pulse  energy  is 
concentrated  within  the  frequency  range  0.3  mo-1.7  mo  •  Let  the  carrier  wavelength  (in  vacuum)  is  Ap  =  0.532pm 
and  the  pulse  duration  TsO.27.10'*^  sec.  In  this  case,  the  spectral  range  occupied  by  a  pulse  is  equal  to  0.32- 
l.SSpm.  This  interval  corresponds  to  -1  ^  s  ^  1.  It  is  determined  by  the  level  0.002  of  the  maximum  pulse 
amplitude.  A  pulse  keeps  these  characteristics  until  it  enters  sea  water. 


It  is  possible  to  account  for  the  change  of  the  pulse  frequency  characteristic  using  the  additional  multiplier 
exp(-c(0))h),  where  h  is  the  path  of  a  pulse  in  sea  water.  In  order  to  estimate  the  extinction  effect  of  an  incident 
pulse  in  sea  water,  it  is  necessary  to  set  the  extinction  index  as  a  function  of  frequency  (or  of  wavelength).  Data  on 
c((0)  of  sea  water  were  taken  firom^’^.  The  distribution  of  ene^  density  in  frequency  is  calculated  for  diffnmit  path 
h,  depending  on  the  wavelength  with  the  formula:  exp  [-2ns^-  c(m)h]. 

Let  us  consider  the  behaviour  of  the  energy  density  of  an  incident  pulse  when  it  passes  across  a  sea  water  layer 
of  different  thickness.  The  calculational  results  for  sea  water  layers  of  the  thickness  h  from  S  to  SO  m,  depending  on 
the  wavelength  A ,  are  shown  in  Fig.  1.  On  the  same  figure,  the  energy  characteristic  of  the  initial  Gaussian  pulse 
at  h=0  is  shown  (the  solid  line). 

It  is  seen  from  Fig.  1  that  as  a  pulse  passes  through  sea  water,  its  energy  distribution  in  wavelength  changes 
substantially.  In  parallel  with  the  evident  decrease  of  maximum,  the  carrier  wavelength  shifts  in  the  direction  of 
shorter  waves.  However,  most  significant  changes  concern  the  spectral  range  length  occupied  by  the  pulse.  As  h 
increases,  it  decreases  abruptly  (several  times),  especially  from  the  side  of  longer  waves.  In  other  words,  the  known 
pulse  "widening"  takes  place.  It  is  possiole  to  conclude  that  pulse  effects  under  its  propagation  in  sea  water 
manifests  themselves  for  much  shorter  pulses  in  comparison  with  air. 


c)  The  mean  cosine  of  the  scattering  angle  <  cos  d  >  is  determined  by  the  integral  of  the  product  of  the 
phase  function  and  the  cosine  of  the  scattering  angle  9  with  respect  to  this  angle.  For  monochromatic  scattering, 
the  explicit  expression  for  this  value  as  a  series  in  Mie  coefficients  is  presented  in^-***.  By  analogy  with  the  formula 
for  the  efficiency  for  pulse  scattering  Qsca  >f  is  possible  to  obtain  <  cos0  >  for  pulse  scattering: 


(cos  6)  = 


X  J  V 

«  >'  n  =  I  — 
2n-t-l 


n(n 


^Re{an(s)b;(s)}]ds 


(5) 


We  calculated  <  cos  d  >  for  terrigeneous  (m=l .  15)  and  biogeneous  (msl  .03)  marine  suspension  particles  from 
this  formula.  The  results  are  shown  in  Figs.  2  and  3.  Both  for  m=1.15  and  m=1.03,  the  curves  <  cosd  >  for  pulse 
scattering  practically  coincide  with  those  for  monochromatic  scattering.  In  other  words,  they  are  indq)endent  of  T. 
For  small  particles,  all  phase  function  component  are  of  the  Rayleigh  type,  and  <  cos  0  >  =0.  As  particle  enlarge, 

<  cosd  >  increases  abruptly.  At  a=0.5pm,  the  curves  become  asymptotic.  For  msl.lS,  <  cosd  >=0.9;  for 
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PARTICLE  RADIUS  (MICRON) 

Fig. 3.  The  mean  cosine  <cos'i5>  (I)  and  efficiency  for  scattering 
Qsco  (II)  for  pulses  of  different  durations  T  for  biogeneous 
component  of  sea  suspension. 


m=l  .03,  <  cos  0  >=0.99.  It  is  possible  to  explain  these  values.  For  large  particles,  light  consists  of  the  diffracted 
beam  and  the  beam  described  by  geometrical  optics.  For  m=1.03,  practically  the  entire  geometrical  beam  passes  in 
the  forward  direction.  Because  of  that,  a  portion  of  <cosd>  associated  with  it  is  high.  For  m=  1.1  S,  a  portion  of 
light  scattered  sidewise  and  back  are  much  more  than  for  1 .03.  As  a  result,  the  magnitude  of  <  cos  d  >  at  a  — »  oo  for 
m=l.lS  is  much  less  than  for  1.03.  This  is  seen  also  from  data  in^.  In  this  work,  the  calculated  dependence  of 
<  cos  0  >  at  a  ->  oo  on  m  is  presented  in  Table  4.7.  It  is  seen  that  <  cos  0  >  at  a  ->  oo  decreases  as  m  increases. 

In  Figs.  2-3,  alongside  with  curves  <  cos  0  > ,  curves  QscaC^)  are  {nesented  for  the  same  cases.  We  see  that  the 
pulse  duration  differently  affects  the  amount  of  scattered  light  and  the  scattered  angle  mean  cosine.  The  reason  is  just 
that  the  formula  <  cos  0  >  has  the  additional  scattering  angle  cosine  under  the  integral.  This  averaging  turns  out  to 
be  very  significant.  As  its  result,  all  peculiarities  of  pulse  scattering  vanish.  This  effect  is  similar  to  what  is  going 
on  in  light  field  when  we  pass  ftom  the  brightness  distribution  to  the  illumination  distribution  (see^  p.  11).  At  that, 
all  details  of  the  spatial  distribution  vanish. 


3.  CONCLUSION, 


Let  us  list  the  principal  results. 

1)  Optical  characteristics  of  marine  suspension  particles  depend  not  only  on  the  pulse  duration,  but  also  on  the 
carrier  frequency.  The  light  extinction  in  sea  water  causes  an  additional  monochromatization  of  radiation  and  bnngs 
particle  optical  characteristics  closer  to  their  values  at  water  transparency  bands. 

2)  Although  phase  functions  for  pulses  and  monochromatic  radiation  are  noticeably  different  (as  it  was 
demonstrated  with  Qback)>  these  differences  practically  vanish  for  mean  cosine. 
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ABSTRACT 

To  study  the  influence  of  sea-perturbations  on  an  optical  wavefront  in  coherent  detection  through  the  air-sea 
interface,  we  have  used  two  experimental  methods  based  on  interferometric  techniques.  We  use  Michelson  Interferometry 
and  Fourier  transform  to  determine  wavefronts  deformations  after  double  passage  through  a  wavy  air-water  interface.  We 
consider  the  statistical  aspect  by  using  the  averaged  Fourier  spectra  over  many  independent  realisations.  Then  ,  a  spatial 
coherence  analysis  of  light  scattering  in  turbid  water  is  presented;  the  module  of  the  degree  of  spatial  coherence  across  the 
beam  section  is  measured  by  a  Mach-Zehnder  interferometer. 


I -INTRODUCTION 


Optical  heterodyne  detection  used  in  air-borne  hydrographic  systems  wiU  be  severely  perturbed  by  the  refraction 
effects  caused  by  the  rough  surface  of  sea-water  and  the  scattering  effects  of  the  sea  medium  on  spatial  coherence. 
Misalignment  of  the  reference  beam  with  the  signal  wavefront  will  reduce  the  heterodyne  efficiency  p  given  by 


where  Ug  and  are  the  normal  distributions  of  the  sigiml  field  and  the  local  field,  respectively,  A  is  the  area  of  the 
detector  and  the  asterisk  represents  the  complex  conjugate. 

In  this  paper  we  report  an  experimental  study  using  interferometric  imaging  technique,  to  evaluate  the  distortion 
effects  of  the  qrticd  wave  front  in  laboratory  configuration. 

We  first  study  the  wave  front  distortion  through  a  wavy  air-water  interface  with  a  Michelson  interferometer:  a 
linear  fringe  pattern  is  obtained,  for  a  non-pertuibed  medium,  which  gives  a  reference  "spatial  carrier"  frequency.  Then, 
the  wave  front  distortion  is  analysed  with  the  spatial  Fourier  spectrum  of  the  fringe  pattern.  We  describe  some  statistical 
aspects  of  the  wave  firont  deformation  in  relation  with  the  number  of  the  averaged  patterns;  a  statistical  treatment  can  give 
usdiil  information  from  the  spreading  of  Fourier  spatial  spectra  of  interferometric  images. 

In  section  3,  a  ^tial  coherence  analysis  of  light  scattering  in  turbid  water,  illuminated  I9  a  laser  source  is 
presented.  We  use  a  Mach-Zehnder  interferometer  to  measure  the  module  of  the  degree  of  spatial  coherence  across  the 
beam  section  in  relation  with  the  scattering  properties  of  the  medium  disturbing  the  fringes  visibility. 
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n-  PERTURBATION  ON  AN  OPTICAL  WAVEFRONT  PROPAGATING  THROUGH 
THE  WAVY  AIR-WATER  INTERFACE. 


2.1-  EXPERIMENTAL  SET  UP : 


The  aim  of  this  experimental  study  is  to  determine  the  wave  front  deformations  alter  double  passage  through  a 
wavy  air-water  interface^*^  .  The  experimental  arrangement  is  shown  in  figure  1.  An  optical  wave  front  £s  of  Uk  signal, 
after  its  double  passage  through  a  perturbed  air-water  inter&ce  is  coherently  added  to  a  reference  plane  wave  fiont  £r  into 
a  Michelson  interferometer.  The  intensity  of  the  fringes  pattern,  in  the  observation  plane  is  given 

Kx.y)  =  a(x,y)  +  b(x,y).cos(27aiox  +<I>(x,y))  (2) 


Where  a(x,y)  describes  the  background  variations  and  b(x,y)  is  related  to  the  local  contrast  of  the  interference  fringes; 
(I>(x,y)  describes  the  local  phase  relation  between  £r  and  £s  ;  uo  is  the  "spatial  carrier"  frequency  in  the  x  direction:  it  is 
created  by  tilting  the  reference  wave  £r  of  an  angle  6o  with  the  plane  wave-finnt  £s  coming  from  a  plane  interfiice;  in  this 
case 


Uo  = 


Sin  9  o 

X 


(3) 


The  laser  is  a  frequency-doubled  Nd:YAG  laser  which  generates  10  nS  pulses  of  green  light  at  532  nm.  Each 
interference  pattern  is  recorded  on  a  CCD  camera  (512  X  512  pixels).A  laboratory  tank  was  used  to  obtain  a  wavy  air- 
water  interface.  A  variable  air-speed  system  was  mounted  at  the  top  of  the  tank  on  one  side  to  produce  wavelets. 


- 0^ 

,  •  cs 


- J 

— 

- J 

-  M4 

aii 

WlVz: 

TANK 

croHMctian 


M3 


TANK 
top  view 


Figure  1 ; 

Details  of  experimental  set-up 

C.S  :  Beam  splitter  cube 
D :  Diaphragm 
Li4j2X3«L4  :  Lenses 
Mi,M2,M3jVf4 :  Mirrors 
PiJPi ;  Polarizers 
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2.2-  PHASE  DISTRIBUTION : 


Using  the  random  aspect  of  the  pertuihed  water  surface  needs  an  interferometric  investigation  using  only  one 
interferogram  pattern  a  time  because  the  sea  surfece  is  in  constant  evolution.  We  use  the  Fourier  transform  to  analyse 
interference  firinges  to  get  the  wave  front  topography  following  Goredd  Kreis  ^  and  Takeda 

In  order  to  show  the  variety  of  different  patterns  after  passage  through  the  air  water  inter&ce,  we  have  presented 
two  examples  of  instantaneous  interferograms  in  figure  2.  We  observe  phase  variation  of  several  time  n  and  we  can  see  the 
effect  of  perturtiations  on  fiinges  orientations  and  densities. 

These  examples  show  the  necessity  of  a  statistical  treatment. 

2.3-  STATISTICAL  ASPECT  OF  INTERFEROGRAM  ANALYSIS : 

The  heterodyne  detection  efficiency  is  a  function  of  the  angle  6  between  the  signal  and  the  reference  wavefronts.  6 
depends  of  the  slopes  variations  of  the  air-water  interface. 

We  use  Ae  same  emerimental  arrangement  as  previously  (figure  1),  and  we  make  a  summation  of  different 
instantaneous  Fourier  spectra  ^  to  obtain  the  spectral  intensity; 

N  N 

It(u,v)  =  ^  Ii(u,v)  =  X(Ai(u,v)  +  Ci(u-Uo,v)  +  Ci*(u  +  Uo,v))  (4) 
i=l  i=l 

where  Ii(u,v)  is  the  instantaneous  Fourier  spectrum  of  i(x,y)  obtained  over  a  laser  pulse.  By  using  Ug  it  is  possible  to 
separate  the  non-perturbed  part  of  the  sigrial  from  the  background  A(u,v)  of  the  spectrum.  The  wave  front  shape  is 
determinated  by  the  spatial  frequencies  u  and  v . 

The  spectra  have  been  calculated  by  a  fast  Fourier  transform  based  on  a  Danielson-Lancsos  algorithm^^.  The 
Fourier  transform  will  consist  of  three  peaks,  one  located  at  the  origin  of  the  spectral  plane  (u=128,  v=128),  which 
correspond  to  the  background  of  the  interferogram  pattern.  The  two  other  are  located  symmetrically  at  the  fropiencies 
(Ug,0)  and  (-Uq,0).  The  frequencies  around  Ug  are  the  interesting  part  of  the  Fourier  spectra  because  they  are  generated  by 
a  nearly  plane  wave  corresponding  to  a  uniform  phase. 

Figures  3  show  the  stability  of  the  Fourier  spectrum  for  a  same  wind  ruffled  water  surface  in  the  case  of  averaged 
Fourier  Spectra  over  SO,  100  and  800  independent  realisations.  The  spectra  is  here  composed  on  2S6  x  2S6  pixels.  On  the 
two  first  spectra  (fig.  3a,  3b)  the  part  of  the  non-perturbed  interface  d^  not  ^>pear. 

We  can  see  in  figure  3c  the  presence  of  the  two  peaks.  This  result  is  important  because  it  shows  that  the 
interesting  signal  is  much  more  important  than  the  noise.  |I(u,v)|  converge  toward  a  statistical  law :  it  shows  that  the  signal 
to  noise  ratio  will  have  a  limited  vdue.  With  this  type  of  averaged  Fourier  spectrum,  we  can  apply  coherent  detection  with 
a  relatively  good  heterodyne  efficiency;  We  can  choice  the  number  of  acquisitions  in  relation  with  the  perturbed  air-sea 
interface. 
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FIGURES  3 

Averaged  Fourier  spectra  over  many  independent  realisations. 


0  128  25! 

Figure  3.a  :  Fourier  spectrum  over  50  realisations. 


Figure  3.b  ;  Fourier  spectrum  over  100  realisations. 
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ra-  EVALUATION  OF  THE  SPATIAL  COHERENCE  OF  A  LASER  BEAM  PROPAGATING  IN  SEA  WATER. 


3.1-  EXPERIMENTAL  SET  UP  : 


In  this  section  we  only  report  an  experimental  study  concerning  the  scattering  effect  on  the  spatial  coherence  of 
the  laser  beam.  We  have  used  the  well  know  theory  of  partial  coherence  developed  by  Wolf  ^  and  based  on  the  mutual 
coherence  function  ri2{t)-  If  Ui(x,y,t)  and  U2(x,y,t)  are  the  electromagnetic  fields  produced  by  a  coherent  source  the 
mutual  coherence  function  in  a  observation  plane  (x,y)  is  : 

ri2('f)  =  ri2(x,y,T)  =  <Ui(x,y,t  +  T)U2(x,y,t)>  (5) 

where  the  brackets  denote  a  time  average  and  t  is  a  time  delay. 

By  normalising  the  mutual  coherence,  we  obtain  the  complex  degree  of  coherence  ; 

^'^^^^~Vr'ii(0)Vr22(0) 

In  practice  the  delay  time  x  introduced  between  the  interfering  beams  is  very  small  and  it  is  then  possible  to 
simplify  the  formula.  When  x  is  very  much  smaller  than  the  coherence  time,  we  can  define  the  degree  of  mutual  intensity 
Yi2(0) ; 


rni^)  »  ri2(^)  (7) 


7^2(0)  describes  the  spatial  coherence  of  the  light.  For  heterodyne  applications,  we  shall  restrict  ourselves  to  the 
important  case  of  quasi-monochromatic  light  (  Av  «  V  ).  The  theoretical  expressions  take  a  simpler  form  in  this  case  ; 
the  degree  of  mutu^  coherence  can  be  determinate  by  the  measurement  of  the  visibility  V(x,y)  of  fnnges  : 


|yi2(0)|  =  V(x,y) 


I^^^(x,y)  +  I^^^(x,y) 
2Vl^^^(x,y)-I^^^(x,y) 


Where  the  visibility  is  given  by 


V(x,y) 


Imax  -  Imin 
Imax  +  Imin 


(9) 


Different  techniques  for  measuring  the  degree  of  coherence  over  all  the  beam  section  have  been  developed 
Here,  we  use  a  Mach-Zehnder  interferometer  to  obtain  the  spatial  correlation  function  after  propagation  through  scattering 
water;  this  technique  allows  measurements  of  |yi  2(^)1  ^^>7  points  of  the  wave  front. 

Fringe  patterns  are  initially  created  by  tilting  the  reference  wave  of  a  small  angle  6  with  the  plane  wave  front.  If 
we  make  equal  the  path  lengths  for  the  reference  and  the  signal  beam  and  if  6  is  small,  then  the  time  difference  x  between 
the  two  paths  will  be  small  compared  to  the  coherence  time.  When  these  conditions  are  satisfied,  lYi2('r)|  is  not  very 
different  from  |yi2(0)|  for  quasi-monochromatic  light. 
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We  use  the  experimental  arrangement  of  figure  4.  The  laser  is  the  same  than  for  the  precedent  e}q)eriment  The 
detection  is  made  on  a  CCD  array  (512  x  512  pixels).  The  difiuse  beam  propagates  through  a  cylindrical  tanv  of  5,4  m 
length.  Scattering  in  the  medium  is  produced  by  kaolinite  particles  (^mean  =  3,5  pm;  relative  index  n=l,15)  gnywirfarf  in 
the  water  and  characterized  by  an  ab^iption  co^cient  c. 
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Details  of  eiqierimental  set-iqi 
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C.S  :  Beam  flitter  cube 

Li4^:  Lenses 
Mi,M2,Al3,M4 :  Mirrors 
Pi^  •^«P4 :  Polarizers 


3.2- RESULT: 

Transverse  analysis  of  the  beam  was  made  for  three  positions  of  the  camera  to  cover  all  the  wave  finont  (Total  size 
of  matiice  array  :  6  mm  X  4,5  mm).  The  effect  of  scattering  on  spatial  coherence  is  shown  in  figure  5  for  two  absorptim 
coefficients  c  (c=0,69  m*^  c=l,47  m*^) .  Each  part  of  the  fiinge  patterns  is  recorded  during  a  laser  pulse  (10  ns)  and  is 
digitalized  over  512  X  512  pixels.  Local  deformations  of  firinges  result  fiom  aberrations  of  qitical  elements  arid  fiom 
instabilities  of  reference  beam  propagating  in  air  (optical  path  length  >  7m). 

In  the  case  of  equal  intensities  illumination  of  the  two  beams  ,the  visibility  V(x,y)  was  calgilated  for  each 
interferogram  and  the  value  of|yj2(’‘)l  determined.  We  have  presented  the  averaged  transverse  evolution 

of  |yi2(’‘)l  on  figures  5  under  each  interference  pattern.  Each  plot  is  the  mean  of  |yi2(x)|  calculated  over  the  width  of  the 
interferogram  and  results  from  12  recorded  patterns.  The  module  of  spatial  coherence  shows  a  constant  high  level  for 
c<l,20  m*^  (l7i2(x)|  «  0,8).  The  degree  of  spatial  coherence  decreases  in  the  periphery  of  the  beam  section  as  the 
absorption  coefficient  increases,  but  remains  constant  in  the  center  of  the  beam. 


In  figures  6,  the  histograms  give  a  global  description  of  the  spatial  coherence  evolution  for  different  values  of  c. 
Each  histograms  results  from  coherence  coded  images  calculated  from  12  recorded  interference  patterns.  By  this  m^hod, 
we  can  access  directly  important  parameters; 

-  the  mean  value  of  |yi2(x)|  which  is  approximately  given  by  the  maximum  value  on  the  gr^h. 

-  the  variations  of  the  spatial  coherence  which  is  represented  by  the  spreading  of  the  histogram. 

In  this  analysis,  we  give  the  mean  histogram  for  three  positions  of  the  camera,  so,  for  each  absorption  coefficient 
and  for  a  tank  len^  of  5,4  m  we  have  three  histograms;  the  effect  of  scattering  on  the  laser  beam  is  immediately 
observable. 

For  c<  1  m~^  ,  we  have  narrow  peaks  with  high  means  values  for  the  right,  the  left  and  the  center  of  the  beam 
(figure  7-a).  We  have  a  high  level  of  spatial  coherence  with  low  variations  over  the  beam.  This  configuration  is  fiwourable 
to  coherent  detection. 
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FIGURE  5:  fringe  patterns  and  evolution  of  spatial  coherence  for  different  absorption  coefficients. 
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For  c=  1,26  m~^  and  c=  1,47  m~^,  the  histograms  of  Iyi2(0)I  is  rq;)resented  on  figures  6-b  and  6-c.  Here  we  can 
easily  observe  the  evolution  of  spatial  coherence  over  two  regions.  First,  at  the  center  of  the  beam,  we  have  sensibly  the 
same  evolution  as  in  the  previous  case.  We  still  have  a  narrow  peak,  so  we  have  jiimall  variations  of  |yi2(0)l  ^  ^  can  see 
a  small  decrease  of  the  mean  value  of  |yi2(0)I-  The  second  region  rq)resents  the  two  sides  of  the  la^  beam  ;  the  loss  of 
spatial  coherence  is  here  given  by  a  smaller  mean  value  and  I9  a  stronger  spreading  of  the  histogram  of  ^i2(^)l-  ^  ^ 
assume  that  the  spreading  of  the  histogram  increases  in  the  two  sides  and  at  the  center  of  the  beam  with  the  sr^ering 
effect,  then  the  possibility  to  use  the  coherence  of  the  laser  light  ^qtears  to  be  difficult  only  for  very  tud/id  waters  (c  >  1,S 
m-* ). 


IV- CONCLUSION 


Two  experimental  methods  using  interferometric  images  and  Fourier  transform  has  been  developed  to  analyse 
beam  transformations  in  sea  medium. 

First,  we  have  analyse  air  water  interface  roughness.  The  results  can  be  use  to  analyse  the  hetero^me  efficiency  in 
air-borne  hydrographic  systems  using  optical  coherent  detection.  We  have  seen  that  a  statistical  treatment  of  the  problem 
can  give  useful  informations  given  by  the  spreading  of  Fourier  spatial  spectra.  The  choice  of  the  number  of  realisations  is 
important  and  depends  of  the  air-sea  pertuitetions. 

Then  we  have  evaluated  the  spatial  coherence,  in  relation  with  the  scattering  effect  of  sea-water;  we  have  observed 
that  for  most  of  the  sea-waters  (c  <  0,S  m~^  for  5,4  m  length)  the  central  part  of  the  laser  beam  will  conserve  a  good  qntial 
coherence  and  so  permit  coherent  detection.  The  kaolinite  particles  used  in  our  ejqieriments  can  be  present  in  sea-water 
and  simulate  the  absorption  effect  of  usual  sea-water^^  .  Our  result  can  then  be  sqqilied  in  ocean  detection,  but  ttwy  don't 
take  into  account  the  random  variations  in  salinity  and  temperature  which  will  also  distort  the  wave  fionts  by  turbulence 
effects. 
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ABSTRACT 

The  results  of  theoretical  study  of  the  problem  of  detectal^ty  of  vertical  profiles  of  hydroopdcal  characteristics  in 
sea  water  column  with  the  help  of  airborne  li^rs  are  presented.  The  used  approach  is  based  on  die  developed  dieory  of 
retroreflected  li^t  pulse  formation  in  scattering  medium  with  angular  anisotropy  of  volume  scattering  function  and  Sakett’s 
discriminability  criterion;  die  effects  of  solar  illumination,  sea  surface  waves,  a^  atmos(dieric  backscattering  are  taken  into 
account,  as  well  as  the  internal  noise  factors  of  lidar  transmitter  and  receiver. 

The  recommendations  ate  formulated  for  system  parameters  optimizatioa  for  separate  subsurface  water  layers  delecting 
in  various  hydroopdcal  situadons  and  different  environmental  condidons. 

1.  INTRODUCTION 

Practically  all  of  the  actually  functioning  modem  lidar  systems  are  qiecially  designed  for  bottom  dqidi 
measurement  in  continental  shelf  areas.  Nevertheless  it  is  evidrat  diat  on  a  level  with  depth  data,  die  shape  of  registered  lidar 
signal  contains  an  information  on  hydroopdcal  characterisdcs  of  the  sea  water  layers  from  the  surfoce  to  die  bottmn.  Some 
attempts  to  solve  the  inverse  problem,  dut  is  to  obtain  die  hydroopdcal  characteristics  of  the  sounding  water  column  by  die 
shape  of  registered  lidar  signak,  are  rqiorted  in 

One  of  the  difficulties  in  die  problem  of  lidar  sounding  data  inversion  is  related  to  the  situations  when  anomalously 
high  levels  of  backscattered  light  intoisity  from  within  distinct  layers  of  sea  water  are  registered  The  jdiysical  nature  of 
the  phenomenon  is  of  ^lecial  interest,  first  of  all,  for  bathymetry,  because  die  sharp  peaks  at  die  slope  of  a  lidar  sigrud  cause 
additional  problems  in  ^  bottom  reflected  pulse  recognition  At  the  same  time  the  fine  structure  of  scattering  characterisdcs 
of  sea  water  is  an  important  part  of  the  whole  picture  of  the  optical  prr^rties  of  the  world’s  oceans. 

The  problem  of  “enhanced  backscattering”  from  separate  horizcms  was  discussed  in  The  analysis  presented 
diere  was  based  on  the  developed  dieory  of  backscattered  light  pulse  formation  widiin  the  sea  water  colunm  '  widi  the  account 
for  anisotropy  of  the  volume  scattering  fimction  (VSF)  in  the  backward  direction.  The  supposition  on  a  sharp  peak  existence 
in  the  angular  dependence  of  VSF  around  180°  confirmed  by  the  recent  field  measurement  allows  to  give  a  satisfactory 
explanation  for  the  above  mentioned  and  some  odier  anomalous  results  of  lidar  sounding  experiments.  The  proposed 
interpretation  connects  the  enhanced  signal  values  with  the  presence  of  distinct,  radier  thin  layers  of  sea  water  characterized 
by  contrast  higfr  values  of  die  volume  backscatter  coefficient,  practically  independoit  of  die  value  of  total  backward 
scattering  coefficient  bb 
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In  diis  piq)er  the  described  theory  of  lidar  echo-signal  kinetics  is  applied  to  Ae  proUem  of  recognition  of  the  fine 
structure  of  vertical  distribution  of  sea-water  optical  parameters  wiA  the  help  of  remote  sounding  lidar  systems.  For  the  task, 
Ae  q>timal  parameters  of  Ae  optical  receiviiu  system  are  found  to  differ  generally  from  the  optimal  values  of  Ae  same 
parameters  for  baAymetric  applications  (cf.  The  established  dependencies  of  lidar  effectiveness  on  the  soinding  pulse 

power,  receiver  lois  Aameter  and  field  of  view  (FOV),  as  well  as  on  Ae  widA  of  optical  filter  band  pass,  demonstrate  some 
unexpected  features  for  different  external  conditions. 

2.  THE  THEORETICAL  MODEL  FOR  LIDAR  BACKSCATTER  SIGNAL 

It  is  clear  that  generally  the  shape  of  a  lidar  signal  from  sea  water  column  depmds  of  the  full  set  of  the  medium  light 
scattering  characteristics,  integral  ones  as  well  as  Affermtial.  For  Ae  following  analysis  Ae  closer  definition  of  some  of  the 
parameters  is  essential. 

The  volume  scattering  function  (VSF),  ^(6),  is  Ae  scattered  nuliant  intensity  in  a  Arection  tet  relative  to  Ae  direction 
of  incidence  per  unit  scattering  volume  Avided  by  Ae  incident  irradiance.  The  value  of  ^(6)  for  the  angle  6  =  180°  is  the 
volume  backscatter  coefficient,  P(7i). 

In  practice  all  the  known  in  situ  measurements  of  VSF,  prior  to  the  paper  ,  were  restricted  to  the  scattering  angles 
not  greater  Aen  170°  -  17S°,  Ae  maximal  angle  being  limited  by  the  used  instrument  construction.  Interpretation  of  collected 
data  to  obtain  an  estimate  for  the  volume  backscatter  coef^ient  was  based  on  the  assunqstion  of  smooA  VSF  variaticm  around 
180° .  So  Ae  result  of  an  extrapolation  of  measured  points  to  180°  was  taken  for  the  desired  estimate;  we  denote  the  value  by 
P(n),  to  Astinguish  it  from  Ae  true  magnitude  of 

The  backward  scattering  coefficient,  bb,  is  defined  as 


bt  =  2«jp(e)  sine  dQ. 
n 

A  significant  correlation  is  found  in  ^  (see  also  review  in  for  Ae  parameters  bb  and  P(7i),  as  well  as  for  he  and 
P(170°).  It  worth  mentioning  the  extraordinary  high  values  of  Ae  correlation  coefficient  for  the  established  relations.  A  very 
important  regression  statistic  for  correlation  between  P(170°)  and  attenuation  coefficient,  c,  was  obtained  in  for  Afferent 
regions. 

Let  us  introduce  a  one  more  parameter,  Ae  small-angle  scattering  coefficient,  ha,  which  is  equal  to  the  mtegral  of 
VSF  over  Ae  solid  angle  around  0°  in  which  Ae  essential  part  (80  -  90%)  of  scattered  light  raAance  is  concentrated: 


ba  =  2nJ^(0)  smO  dO. 

0 

The  new  quantity  may  be  applied  to  obtain  the  two-side  estimate  for  the  effective  attenuation  coefficient  (cf. 

(c-ba)<k<c 

Now  everything  is  ready  to  formulate  Ae  model  for  lidar  signal  used  in  Ae  following  analysis. 

In  the  light  field  of  Ae  sounding  laser  beam  propagating  through  the  water  in  forward  direction,  two  radiation 
components  may  be  Astinguisbed  - 
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1)  weakening  ladiance  of  the  incideat  beam  (c<^reot  component ),  and 

2)  diffuse  scattered  radiance  constituent  (incoherent  con^ronent),  formed  by  the  small-angle  scatterii^  of 
tte  incident  beam. 

According  to  this,  the  power,  Pbv/fi),  of  the  signal  at  the  imut  of  lidar  receiver  caused  by  backscattered  radiation  from 
within  die  water  layer  at  the  depdi  h,  may  be  expressed  by  die  sum, 

PbJ(h)  =  PUft)  +  PUh)  (1) 

\^re  the  first  term  {P^h))  is  related  to  the  ccdimot  component,  and  die  second  (PiLih))  -  to  die  incrdierent  component 
of  the  sounding  li^t  beam.  As  it  is  shown  in  PSJfi)  is  proportional  to  ^7t): 

PUh)  =  Cme-^\ 

\iiiilB  f*<nv(A)  is  proportional  to  a  certain  meu  value  of  VSF  in  the  back  hemisphere,  that  is,  in  view  of  sli^t  variations  of 
VSF  outside  of  a  small  vicinity  of  180**,  to  ^k): 

/■UA)  =  C  Wit)  -  1], 

To  explain  an  unexpectedly  high  level  of  lidar  return  signal  from  a  separate  sea-water  layer,  it  is  sufficient  to  assume 
a  considerable  anisotropy  of  die  VSF  in  backward  direction,  i.e.  the  difference  between  W^)  ^uid  W^)>  ^  ^  locations 
corresponding  to  the  “anomalous”  experimental  points.  Indeed,  the  increase  of  W^)  iqiper  layer  of  the  water  column, 
where  die  first  term  in  (1)  determines  the  essential  part  of  the  signal,  may  be  the  cause  for  the  observed  backscattering 
eidumcement.  The  variations  of  ^  contradict  die  above  mentioned  correlation  of  optical  parameters,  if  only  the  value 

of  W^)  is  relatively  invariable. 

The  two-cootyonent  model  (1)  for  the  lidar  signal  allows  to  explain  also  another  |dienomenon  well  known  to  die 
aiidtors:  in  lidar  bathymetric  survey  in  shallow  waters,  the  contrasts  of  the  bottom  are  usually  found  to  be  several  times  smaller 
conqiared  widi  theoretical  predictions.  Really,  according  to  the  rdation,  M,  of  the  light  pulse  power  reflected  from  the 
bottom  (Phot )  to  power  backscattered  by  the  >vater-body  (Pbw  )  is  given  by  the  formula 

A#  =  PbM  /  Pbw  =  (Ptof  /*)/p>v  , 

udiere  ptoi  is  the  bottom  reflectivity  coefficient,  and  parameter  pw  is  usually  identified  with  W^) 

Pw  =  0.5  ^n)xc/n, 

udiere  c  -  the  velocity  of  li^t  in  the  air, 

T  -  die  laser  pulse  duration, 

R  -  the  refraction  index  of  the  water. 

However,  when  the  model  (1)  is  used  for  the  case  of  rather  small  depth,  pw  in  (4)  must  be  substituted  with  if  * 

prominent  peak  in  VSF  around  180**  is  aggiimaH  to  exist,  (4)  gives  a  quit  realistic  estimate  for  bottom  contrast. 

3.  THE  ESTIMATION  OF  LIDAR  SYSTEM  EFFECTIVE34ESS  FOR  TURBID  LAYERS  DETECTION 

The  basis  for  the  foUowi^  analysis  is  a  test  for  ctmiparisoo  of  different  lidars.  In  ^  uiplied  criterion  Saldtt’s  D-index 
of  discriminability  used,  which  was  found  to  be  extremely  effective  for  the  purpose  ’ 
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The  magnitude  of  Z>-index  is  defined  as  the  measure  of  disdnguishabilily  between  two  probability  distributions,  (A) 
and  (B),  for  the  random  quantities  at  the  detector  input.  For  the  case  in  question  Ae  distribution  (B)  corresponds  to  die  signal 
registored  in  the  presence  of  a  layer  of  turbid  water  at  a  given  depth,  vi^iile  (A)  describes  die  hack^ound  situation  of 
homogeneous  profile  of  optical  characteristics  in  the  water  ccdumn. 

D-index  is  determined  by  die  chosen  detection  criteria,  and  it’s  value  depmds  on  the  two  first  moments  of  signal 
distribution.  It  makes  it  possible,  for  the  analysis  of  various  fwtors  affecting  the  detection  ability,  to  use  Z7-index  direcdy, 
omitting  the  calculation  of  acquisition  probability.  It  is  the  way  to  compare  the  effectivmess  of  various  lidar  system  and  to 
optimize  a  given  system  parameters  for  a  concrete  task. 

The  parameter  D  fOT  a  subsurfiice  layer  detection  is  determined  by  the  expression  (cf.  ^ 

_ APtm> _ 

[(ciP  +  fl2) .  (ci(P  -  APh,)  +  ^ .  AP^)  ] 

where  AP^w  is  the  increase  in  backscattered  signal  from  widiin  die  layer;  it  may  be  calculated  with  the  use  of  formulae  (1)  - 
(3).  P  is  the  sum. 


P=P*w  +  P,+  Pt.. 

of  the  light  pulse  power  backscattered  by  the  water-body  (Pbm),  die  power  of  the  sun  li^t  exposure  (Pf),  and  the  signal 
(Pba)  caused  by  the  backscattering  in  the  atmosfdiere 

c,=e(i+h^)/(Ar5^), 


e  is  the  electron  charge; 

(\+bd)  ~  parameter,  accounting  for  additional  contribution  of  PMT  dynodes  to  the  shot  noise; 

A  r  •  discretization  time  interval; 

Sph  *  PMT  photocathode  spectral  sensitivity; 

EF  =  Pi  +  ^Pf  +  +  e^,  (P  -  P.)  ^ 

where  eiw,  e?  and  eJa  are  the  normalized  variances  of  die  signals  P^w,  P<,  and  Pbo  correspondingly,  caused  by  the  sea 
surface  roughness;  die  variances  are  rather  complicated  functions  of  surhice  waves  characteristics,  platform  altitude,  re- 
ceiver  FOV  and  so  on  .  is  the  normalized  variance  of  die  total  signal  due  to  laser  li^t  returned  to  the  receiver, 
caused  Iqr  the  system  instability  (die  laser  pulse  power  fluctuations,  the  random  variations  in  the  PMT  amplification  and  so 
on). 


4,  THE  OPTIMIZATION  OF  RECEIVER  FIELD  OF  VIEW 

To  illustrate  the  approach  to  the  problem  of  lidar  system  development  on  the  basis  of  D-index  we  consider  the  evaluatian 
of  one  of  die  most  important  parameters,  the  receiver  FOV.  Let  the  layer  be  characterized  by  20%-increa8e  in  parameter 
3(n)  and  d-times  increase  in  p(n}.  The  calculations  are  presented  for  two  cases  -  (I)  the  layer  dqith  is  20  m,  c  =  O.S  m'*;  (II) 
the  layer  depth  is  10  m,  c  =  0.2  m''.  The  other  sounding  condidons  are  as  follows  (cf.  *): 
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wind  velocity  above  the  sea  surface  -  5  m/s; 
meteorological  visibility  -  S  km; 

system  instability,  -  5  % 

zenith  sun  angle  -  45°. 

laser  source  divergence  -  S  mr. 


The  results  obtained  for  the  cases  (I)  and  (II)  are  shown  in  Figures  1  and  2,  correspondingly,  for  the  three  values  of 
the  lidar  platform  altitude,  H  =  100  m;  300  m  and  500  m.  All  the  calculations  of  D-index  are  carried  out  with  the  help  of  PC 
program  program  “OCEAN  -  SCIENTIFIC”  (OS)  for  Windows  3.1  (created  with  the  author’s  participaticm  for  EG&G 
Washington  Analytical  Services  Center,  Inc.  ^),  modified  wifli  the  account  for  two-con^K>nent  nxxiel  (1).  The  program 
uses  the  few-parametric  model  for  sea-water  optical  characteristics  One  of  the  purpose  of  the  OS  program  is  to  conqiare 
the  effectiveness  of  different  lidar  systems  for  the  given  tadc  and  specific  conditions,  including  water  quality  and  meteorological 
situation; 


Figure  1.  Normalized  D-index  versus  FOV-angle  for  case  (I) 


Figure  2.  Normalized  D-index  versus  FOV-angle  for  case  (II). 
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It  is  seen  that  the  optinial  values  of  FOV  for  die  given  external  conditicHis,  are: 
case  (I): 

FOV  >  200  mr  for  =  100  m; 

FOV  =  60  mr  for// =  300  m; 

FOV  =  45  mr  for  =  SOOm. 

caseCD): 

FOV  =  8  mr  for  H  =  100  m; 

FOV  =  8  mr  for  //  =  300  m; 

FOV  =  12mrfor//  =  SOOm. 

The  obtained  results  may  be  easily  ex{dained  with  die  help  of  two-coiqwnent  model  of  lidar  signal  described  in  Section 
2.  In  the  case  (I)  the  optical  thickness  of  die  water  column  aboiw  the  layer  to  be  detected  is  rather  Ug,  and  the  incohnent 

component,  Pivt{h)  ,  is  the  main  constituent  of  the fram(l)  [see  (2)  and  (3)].  So  the  signal  from  the  layer,  and  therefore 
D-index,  are  determined  by  the  increase  in  P(ic)  only.  The  extremum  in  D  dependence  of  FOV  is  the  result  of  the  increase  in 
Ps  (proportional  to  FOV)  and  die  simultaneous  grows  (as  FOV^  of  die  noise  caused  by  the  sun  light  eqiosure,  which  dimimdies 
the  magnitude  of  D-index.  The  results  for  die  case  (I)  are  practically  identical  to  those  for  badiymetric  application 

Case  (II)  is  quite  anodier  thing.  The  optical  thickness  of  the  water  above  the  layer  is  rather  small,  so,  in  view  of  (2) 
and  (3),  the  coherent  conqionent,  P§Jlfi) ,  is  the  principal  term  in  (1).  The  main  contribution  into  Pbw,  and  hence  into  D,  is 
related  to  p(ii).  It  is  evident  that  the  growth  of  FOV  whoi  it  is  much  greater  then  the  incident  light  beam  devergence,  involve 

the  increase  in  PivAh)  >  which  cause  a  negligible  effect,  and  the  diminution  D  due  to  the  noise.  The  optimal  value  of  FOV,  as 
it  must  be  expected,  is  close  to  the  value  of  incident  laser  beam  divergence  and  does  not  depend  practically  on  the  platform 
altitude. 


5.  THE  EFFECT  OF  LASER  POWER,  RECEIVER  APERTURE  ARIA,  AND  FILTER  BANDPASS 

Let  us  consider  formula  (S)  M^en  geometrical  parameters  (platform  altitude,  bottom  dqidi,  receiver  FOV)  and  water 
quality  are  fixed.  Then  the  two  limiting  cases  may  be  distinguished: 

A.  “night”  conditions  (F*  =  0),  unperturbed  sea  surhice  (  Sbw  =  Cf  =  =  0),  and  negligible  system  instability 

(Ztys  -  0); 

B.  “blight-day”  conditions,  rou^  sea,  and  considerable  system  instability,  vidien 

ciP<c  B*  ; 

For  the  case  A  one  has 

D  =  -^ 

VC|  Pbw 

while  in  die  case  B 

D  =  ^ 

Pt 

udiere  Ar  is  the  effective  aperture  aria  of  receiver 
/*r '  the  laser  trnsmitter  power 


PmP,. 


-  '^PtAr 


Ir 

AX 


(6) 


(7) 
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AX  -  die  receiver  q^iectral  selector  bandpass 


The  Eq.(7)  leads  to  an  unexpected  conclusion:  the  effectiveness  of  lidar  system  does  not  dq>aid8  on  receive'  apertaie 
aria,  udien  background  light  power  exceeds  significantly  die  echo-signal  from  the  layer  to  be  detected.  It  is  obvious  diat  the 
effect  of  die  width  of  spectral  selector  bandpass  is  especially  strong  in  the  case  “B”,  in  contrast  to  the  night  conditions  (case 
“A”)- 


Note  that  according  to  (6)  and  (7)  the  lidar  eifecdvoiess  is  proportional  to  a  power  of  the  laser  pulse  power,  Pr. 

D  -  Pt  ; 

where  the  limiting  values  ofthe  exponent,  a,  correspond  to  the  cases  “A”  (a  =  1/2)  and  “B”  (a  =  1). 

6.  CONCLUSIONS 

The  two-component  model  of  laser  pulsed  echo-signals  from  the  water  column  with  the  account  for  the  volume 
scatter  ingfunctionanisotropyinthebackwarddirectionisappliedtotheproblemofrecognitionofthe  finest  ructureofvertical 
profiles  of  sea-water  r^tical  parameter  s  with  the  help  of  remote  sounding  lidar  systems. 

Theabilityofa  lidar  system  toregister  an  optically  contrast  layer  ofthesea  water  isconsidered  on  thebasisofO-index 
ofdiscriminabilityanalysis. 

Some  recommendations  are  formulated  for  system  parameters  optimization  for  s^arate  subsurface  water  layers 
detecting  invarious  hydroopticalsituationsanddifferentenvir(mmaitalconditions;  the  effects  of  solar  illumination,  sea 
surface  waves,  and  atmospheric  backscatteringaretakenintoaccount,a8wellastheinternalnoisefactorsoflidartransmitter 
andreceiver. 

Theoptimalvalueofreceiver  field  ofviewfor  detection  ofnear-surfaceturbid  water  layersisfoundtodifferabruptly 
from  theoptimalvalueoftheparameter  for  lidar  bathymetry. 

The  established  dependencies  of  lidar  effectivmess  on  the  sounding  pulse  power,  receiver  lensdiameter  ,and  the 
width  of  optical  filter  band  pass,  demonstratesome  unexpected  features  for  differrat  externakonditions. 
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ABSTRACT 

A  new  theoretical  approach  is  suggested  for  the  problem  of  backscattered  light  signal  kinetics  under  the  pulsed 
illumination  of  sea  water  colunm.  The  developed  model  uses  the  small-angle-scattering  approximation  for  the  sounding  and 
backscattered  light  beams  and  takes  into  account  the  angular  anisotropy  of  volume  scattering  function  (VSF)  in  the  back 
hemisphere.  The  predictions  of  the  theory  are  supported  by  the  results  of  laboratory  experimrats  with  model  scattering  media. 

On  the  base  of  the  model,  an  interpretation  is  proposed  for  some  anomalies  in  the  sluqje  of  lidar  signals  registered  in 
airborne  sounding  experiments.  The  interpretation  of  the  effect  of  “enhanced  backscattering’’  from  separate  sea  water  layers 
is  shovm  to  be  consistent  with  the  recent  unique  measurements  of  VSF  in  the  vicinity  of  180°  and  revealed  fine  structure  of 
vertical  profiles  of  the  backscattering  coefficient. 

The  physical  nature  of  the  effect  is  discussed.  The  recently  obtained  theoretical  results  allows  to  siqjpose  that,  along 
with  high  concentration  of  large  biological  particles,  ct^erent  light  backscattering  by  refractive  turbulence  in  the  corresponding 
water  layers  may  be  the  cause  of  enhanced  echo-signals  from  isolated  depth  levels  . 

1.  INTRODUCTION 

The  basic  application  of  airborne  lidar  systems  is  bottom  depth  measurements  in  continental  shelf  areas  However 
some  progress  was  achieved  in  the  problem  of  estimaticm  of  hydrooptical  characteristics  of  the  sea  water  layers  by  die  shrqie 
of  registered  lidar  signals  To  obtain  the  values  of  the  effective  attenuation  coefficient  (K)  and  a  baclscatter  param^r 
(B)  from  the  signals  of  a  laser-based  airborne  hydrogratduc  system  the  lidar  equation  for  the  power,  P(h),  returned  to  the 
airborne  receiver  from  the  dqith  h,  is  applied  in  the  form 

P(h)  =  Be~^, 

17 

The  “backscatter  parameter”,  B,  is  suppose  to  be  proportional  to  the  volume  backscattering  coefficient,  , 

B  =  C  P(7t);  (2) 

with  the  quantity,  C,  depending  only  on  lidar  transmitter  and  receiver  parameters.  For  near-coastal  shoal  regions  with 
strongly  forward-stretched  volume  scattering  fimction  (VSF),  absorption  gives  the  main  contribution  to  the  effective  attenu¬ 
ation  coefficient,  /f,  in  (1)  ,  so  that 


K^a 


(3) 
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(a  is  the  light  absorption  coefficient)  with  the  accuracy  of  5%  -20%  dep^iding  on  single-scattering  albedo,  co  = 
is  the  attenuation  coefficient ). 


14 

c  ' 


In  several  lidar  sounding  experiments  performed  in  turbid  near-shore  waters  anomalously  high  levels  of  backscattoed 
light  intensity  from  within  distinct  layers  of  sea  water  were  registered.  The  signals  in  question  were  obtained  near  Camac 
Island  in  Western  Australia  and  southeast  of  Wallers  Island  in  Atlantic  Ocean  (VA,  USA)  analogous  waveforms  woe 
observed  with  the  GOI  lidar  system  in  a  series  of  experiments  carried  out  in  1988  at  the  Black  Sea  (coastal  zone  near  die 
peninsula  of  Petzunda)  The  observed  high  backscatter  was  often  associated  with  the  shallower  in^ore  r<^gioas;  die 
corresponding  layer  depdi  did  not  exceed  10  m. 

The  attenqits  to  use  the  Eq.(l)  for  water  optical  parameters  estimation  in  the  situations  in  question  leads  to  a  confusion. 
The  point  may  be  explained  with  the  example  shown  in  Figure  1,  where  the  results  of  some  lidar  signals  processing  are  given 
in  the  form  of  “K  -  B  diagram". 


k 


0.10 


0.05 


100  200  B 

Figure  1 .  (reproduced  from  '^).  Scatter  diagram  of  attenuation  against  backscatter  for  data  collected  in  a  pass  over  the  Gulf 
of  St.  Vincente. 

It  is  seen  that  the  points  on  "X-fi  diagram”  corresponding  to  high  B  values,  displace  a  relation  between  the  two 
parameters,  which  seems  to  be  remarkably  different  from  the  well  known  data  of  optical  oceanology.  It  is  significant  diat  the 
registered  backscatter  enhancement  (variations  in  magnitude  of  B  for  5  -  6  times)  are  not  followed  by  noticeaUe  attenuation 
growing  {K  values  remain  in  the  limits  of  0.06  -  0.08  m'^);  according  to  Eq.(3)  it  inqilies  the  approximate  constancy  of  die 
absorption  coefficient,  a.  The  available  data  of  independent  contact  measurements  of  the  attenuation  coefficient  carried  out  at 
the  same  locations  do  not  demonstrate  any  significant  variations  of  c  with  depth  at  the  corresponding  horizons.  So  the  value 
of  the  scattering  coefficient,  b. 


b  =  c-  a, 

has  to  remain  nearly  constant  (with  possible  variations  for  no  more  than  10  -  20%),  when  B  [and  hence  P(n),  by  virtue  of 
(2)]  suddenly  becomes  5-6  times  greater.  This  contradicts  to  die  well  known  results  concerning  the  strong  connection 

between  P(n)  and  b. 

An  attempt  to  clarify  the  situation  described  above  was  first  maid  in  .  The  presented  analysis  is  based  on  the  developed 
theory  of  backscattered  light  pulse  formation  within  the  sea  water  column  ^  with  die  account  for  anisotropy  of  the  volume 
scattering  function  (VSF)  in  tte  backward  direction. 
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It  is  evident  that  the  anisotropy  do  affect  abruptly  die  level  of  lidar  signal  from  water  body  and  the  registered  pulse 
shape  in  the  case  of  stratified  sea  water.  The  point  is  that  in  typical  airborne  lidar  experiment  geometry  the  angle  under  vidiich 
the  receiver  aperture  is  seen  from  a  point  in  the  scattering  volume  is  of  the  order  of  1  mr,  so  a  lidar  system  widi  qiatially 
coherent  sounding  laser  beam  registers  directly  backscattered  light  from  upper  layers  of  water  colunm.  In  die  same  time  the 
angular  broadening  of  light  beam  due  to  scattering  by  sea  water  and  finite  field-of-view  (FOV)  of  receiver  results  in  the  fret 
that  for  lidar  echo-signal  from  water  layers  at  considerable  d^ith  the  determining  parameter  is  a  certain  mean  value  of  VSF  in 
die  back  hemisphere.  The  supposition  on  a  sharp  peak  existence  in  the  angular  dependence  of  VSF  around  180°  seems  to  be 
consistent  with  the  known  unique  measurements  of  volume  scattering  phase  frmetion  in  the  vicinity  of  backward  direction. 

The  physical  nature  of  the  “enhanced  backscattering”  from  separate  sea-water  layers  is  of  special  interest.  In  this 
paper  two  possible  mechanisms  for  the  effect  are  discussed;  the  first  of  them  (see  is  connected  with  the  assunqitirHi  of  high 
concentration  of  large  biological  particles  at  corresponding  horizons.  We  propose  here  an  alternative  explanation:  according 
to  presented  theoretical  results,  coherent  light  backscattering  by  refractive  turbulence  in  separate  water  layers  may  be  the  cause 
of  enhanced  echo-signals. 


2.  THEORY  OF  LIDAR  ECHO-SIGNAL 

The  known  physical  models  of  lidar  signal  formation  (see,  e.g. ,  are  based  on  radiation  transfer  theory;  they 

usually  characterize  backscatter  by  a  single  parameter  and  presuppose,  more  or  less  obviously,  the  VSF  to  be  constant  dirough 
the  whole  back  hemisphere.  Thus,  for  a  quantitative  account  of  light  backscattering  anisotropy,  that  is  angular  dependence  of 
VSF  around  180° ,  it  is  necessary  to  develqi  an  adequate  theory  of  backscattered  light  pulse  kinetics  in  discreet  random  medium. 

We  first  consider  the  field  of  the  sounding  laser  beam  in  sea  water.  Let  L  =  Z.(r,  k,  r)  be  the  radiance  of  the  beam 
propagating  in  the  forward  direction  along  Oz-axis  of  cartesian  co-ordinates  where  r  =  ,  z},  =  {x,  y};  k  is  the  unit  vector, 

k={k,.  kj ,  kj  >  ^  is 

It  is  convenient  to  distinguish  two  radiation  conqxments  of  the  field  Z,  ^  - 

1)  weakening  radiance  of  the  incident  beam  (coherent  component),  £„  and 

2)  diffuse  scattered  radiance  constituent  (incoherent  component),  Li,  so  that  L  ' =~  L  sub  i  L  sub  c. 

In  terms  of  the  small-scattering-angle  approximation  Li  and  Lc  are  the  solutions  for  the  following  problems: 

ALc(r,  k,  r)  =  0,  z  >  zo  .  W 

Lo(r,  k,  r)|z=5,,  1 

AL,(r,  k,  r)  =  (1  -  a)  J  p+(kV)  L,(r,  k,  r)  +  (1  -  a)  J  ^^.(k'lO  Mr,  k,  r)  e^kx  ,  z  >  zo 
Z'<(r,  k,  r)  1 2=20  =  0 

where 


A 


is  the  differential  operator  for  the  radiation  transfer  eqiution  in  die  small-angle  approximation,  v  is  the  ^leed  of  light  in  air, 
n  is  the  refractive  index  of  the  water.  Mr,  k,  r)  is  the  initial  radiance  distribution  in  z  =  zo  plane,  caused  by  the  laso' 
source.  The  VSF  is  assumed  to  be  given  by  the  sum. 


p(0)  =  (l-a),  p+(e)  +  ap-(e) 


(6) 


where  p+ 
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p*(0)  =  O.  0>0., 

describes  the  sharp  peak  of  forward  scattering  by  the  water,  and 

p.(0)  =  O,  0  5  0*; 

a  is  a  small  parameter  of  the  problem.  Note  that  and  therefore  P,  are  normalized  acctn^ling  to  the  equality. 


2ji  Jp±  sin0  dB  =  b 


Thedistributionofbackscatteredlightradiance,  p~(r,  k,  t),  <  0,  in  the  first  order  of  perturbatkm  theory  in  small 

parameter  a  from  (6),  is  the  solution  for  ttie  radiation  transfer  equation  with  q>atially  distributed  source,  Q~  , 


(Tir,  k,  t)  =  a  I  MkV)  L^r,  k,  t)  tPv,  (7) 


(7) 


caused  by  single  large-angle  scattering  of  the  forward-going  radiance  L  —  U  +  Lc.  The  quantity,  P^t),  of  the  signal,  rois¬ 
tered  by  a  lidar  receiver  at  the  moment  t,  is  expressed  via  L  by  formula  (we  consider  monostatic  scheme) 


m  =  /  Ai  J  Al  J  df-Zofn,  k,  r  -  o  L-(r,  k,  r*)  |  *=*0 

where  ZoCrx,  k,  /)  is  the  receiver  instrument  function, 

f  AiJ</*kL|drZo(ri,k,/)  =  zn, 

£  is  the  effective  area  and  Q  is  the  angular  aperture  of  the  receiver  (FOV). 

With  the  help  of  the  optical  reciprocity  theorem  formula  (8)  may  be  rewritten  in  the  form 

P(f)  =  \<Prl<Pki\df  G-(r.  -k,  O  i(r,  k,  r  -  O  = 

=  hr,  k,  /-  O^r,  k.  f)  MkV) 


(8) 


(9) 


with  O'  from  (7)  and  forward-propagating  radiance  field  L,  caused  by  "fictitious”  radiation  source  with  the  spatial,  angular 
and  tenqnral  characteristics  just  equal  to  those  of  lidar  recover.  Assui^g  the  receiver  FOV  to  be  sufficiently  narrow  to 
msure  ^  ^iplicability  of  the  smaU-angle  approximation  for  radiance  L,  the  latter  may  be  divided  into  the  two  components, 
Lc  and  Li,  analogous  to  Lc,i.  Then  Lc  is  the  solution  for  proUem  (4)  with  the  boundary  condition 


Uruk,nU  =  L^ruk,0\ 


and  Li  satisfies  equation  (S)  with  Lc  instead  of  Lc.  So,  finally,  we  derive 

FCr)  =  a  J  Aj  J  rfVi  \  M-k  k)  [Mr,  k,  r  -  O  Ur,  k,  f)  + 

Ur.  k,  t-nUr,  k,  n  +  Ur,  k.  r-OMr.  k,  0  +  Ur,  k,  r-OLKr,  k.  O] 
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Let  us  take  the  following  assumption  on  characteristic  angular  scale,  6_,  of  the  variation  of  P(k)  in  the  vicinity  of 
6  =  n.  The  angular  width  of  the  -component  of  die  radiance  L,  as  well  as  the  corresponding  quantity  for  L^,  are  supposed 
to  be  small  conqxired  with  6_.  Conversely,  the  divergencies  of  the  incdierent  components  L|  and  in  the  depA  range  of 
interest  are  much  greater  Aan  Aeta  sub  According  to  that,  the  integration  over  kj^  and  in  (10)  may  be  carried  out: 

P(t)  =  jdfj^Pr  {P(ii)  £c(r,  t  -  f)  Ec(r,  f)  +  P(ii)  [Edr,  t  -  f)  EKr,  f) 

+  £,<r.  /  -  n  Edr,  f)  +  E.ir,  t  -  f)  £,<r,  f)j  } 

where  P(n)  =  a  P-(n)  [see  (6)],  P(7[)  is  a  certain  mean  value  of  VSF  p(6)  in  Ae  back  hemisphere,  and  Ec,i  and  Eej  are  the 
irradiance  distributions  corresponding  to  Ae  radiances  Lc,i  and  Lcj  . 

Note  Aat  in  the  case  of  isotropic  backscattering,  that  is  for  P(n)  =  P(n),  expression  (11)  is  converted  to  the  well 

"j  a  * 

known  formula  used  in  .  When  the  values  P(n)  and  p(n)  Affer  significantly,  our  Eq.  (1 1),  wiA  regard  for  Afferent  iqiatial 
localization  of  irradiances  caused  by  coherent  and  incoherent  conqxments,  preActs  certain  peculiarities  in  signal  form,  P(t). 

Let  excitation  pulse  be  5-shaped,  and  the  receiver  have  infinite  time-resolution.  For  fiirAer  simplification  we  restrict 
Ae  range  of  considered  depA  values  by  Ae  inequalities, 


’  wy  ^  3  J  V  ’ 


where  Uq  and  Uo  are  the  initial  angular  divergences  for  source  beam  and  receiver,  correspondingly;  ^  is  the  lidar  altitude 
above  Ae  sea  surface;  y  is  Ae  mean  square  value  of  the  scattering  angle,  y  «  Vi.  WiA  Ae  assumptions  Eq.  (11)  gives 

«'>  - 

Here  W  is  Ae  incident  light  pulse  energy,  coefficimt  7  <  1  is  mtroduced  to  account  for  Ae  Ught  energy  losses  due 
to  surfiice  reflection;  the  depA  value,  z,,  is  related  to  moment  t. 


H  +  z,n 


and  hi  =  5(1  -  a)  is  Ae  effective  coefficient  of  volume  smiA-angle  scattering  (see  (6)). 

The  latter  formula  allows  one  to  suggest  an  explanation  for  Ae  anomalous  shiqw  of  lidar  signals  described  m  Section 
1,  and  the  form  of  "K  -  B  diagram”  m  Figure  1.  Really,  if  at  the  given  horizon,  z,  the  inequality  hokls: 

P(n)  >  W"), 

while  for  the  upper  layer  of  sea  water  P(n;)  »  P(ii),  then  Ae  received  signal  P{f)  at  Ae  correqxHiding  moment  increases 
in  comparison  wiA  pre^mg  values,  and  the  “erAancement  coefficient”  is 

Wit) 

So  the  effect  of  signal  enhancement  may  be  essential  when  Ae  depA  of  Ae  layer  is  not  too  big,  and  Ae  first  (“coherent”) 
term  in  (12)  [cf.  (11)]  determines  the  essential  part  of  Ae  signal. 
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Note  that  due  to  the  approximatioo  used  to  come  to  expressioo  (12),  die  dqmidence  of  an  optically  contrast  layer 
detectability  on  lidar  system  FOV  is  neglected.  The  in^xirtant  dqiendaice  is  considered  in  details  in 

According  to  the  interpretation  suggested  here,  the  i^malously  high  levels  of  lidar  signals  from  separate  horizons 
are  connected  with  an  abrupt  variation  of  relation  of  ^(n)  to  P(n).  It  is  obvious  that  big  value  of  P(n)/|3(n)  indicates  special 
optical  properties  of  the  sea  water  in  the  corresponding  layer.  Unfortunately,  the  available  data  of  contact  measurements  of 
hydrooptical  characteristics  seems  not  to  confirmed  the  pres«ice  of  such  layers.  The  problem  is  discussed  in  die  following 
Section. 

3.  THE  PROBLEM  OF  MEASUREMENT  OF  VOLUME  BACKSCATTER  CHARACTERISTICS 

In  practice  all  the  known  in  situ  measurem^ts  of  VSF,  prior  to  the  paper  were  restricted  to  the  scattering  an^es 
not  greater  dien  170°  -  175°,  the  maximal  angle  being  limited  by  the  used  instrument  construction.  Interpretation  of  collected 
data  to  obtain  an  estimate  for  the  volume  backscatter  coefficient  was  based  on  the  assun^ion  of  smooth  VSF  variation  around 
180°.  The  result  of  an  extrapolation  of  measured  points  to  180°  was  taken  for  the  desired  estimate;  it  seems  reasonable  to 
associate  it  with  the  mean  value  of  VSF  in  the  back  hemisphere  introduced  in  Eqs.  (11),  (12);  so  we  denote  die  value  by 
p(«). 


The  backward  scattering  coefficient,  b/,,  is  defined  as 


bt  =  2nj  P(0)  sinO  d0. 

■^1  >l|  ^ 

A  significant  correlation  is  found  in  (see  also  review  in  )  for  die  parameters  bf,  and  P(7C),  as  well  as  for  b/,  and 
P(170°).  It  wordi  mentioning  the  extraordinary  high  values  of  the  correlation  coefficient,  r^,  for  the  establi^ed  relations: 

bt  =  5.92  P(n)  -  0.00185  (i^  =  0.98); 
hi  =  6. 18  P(170°)  -  0.00176  (/^  =  0.97). 

Perfectly  analogous  results,  confirming  the  connection  between  the  parameters,  are  obtained  by  die  authors 

hk  =  5.21  p(170°)  -  5.216- 10"’  (r^  =  0.96) 

What  for  the  “true"  backscatter  coefficient  of  sea  water,  R.  A.Maffione  and  R.C.Honey  in  Monterey  Bay  were  the 
first  to  measure  direct  scattering  in  the  vicinity  of  180°.  Their  results  show  the  significant  anisotropy  of  VSF. 

The  analysis  of  the  method  used  in  allows  to  expect  the  real  VSF  distribution  to  have  a  more  prominent  spike 
peak  in  backward  direction  then  the  registered  one.  The  difference  between  measured  angular  distribution  and  “true”  VSF  is 
easily  explained  on  the  base  of  the  theory  described  in  Sec.2.  The  point  is  that  when  a  cw  laser  is  used,  the  registered  signal 
is  the  result  of  integration  over  all  distances,  0  <  z  <  <»,  and  in  view  of  comparatively  slow  descent  of  incoherent  irradiances, 
E{  and  Eij,  P(,t)  contains  a  significant  “isotropic”  part  produced  by  die  terms  in  (11),  proportional  to  P(n). 

Fig.  2  diows  the  results  of  numerical  modeling  of  angular  distribution  of  registered  backscattered  signal  from  medium 
with  VSF  of  the  form 


P-(7i  -  0)  =  P-(ji)  c: 


K-S] 


P-,  A  <  >V^. 


(13) 
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Figure  2.  Model  VSF  froiii(13)  withP-(M/9.  =  2(curve  1)  and  numerically  calculated  angular  distributioa  of  bockscaltered 

intensity  (curves  2  -  5)  for  -^  =  2  and  different  values  of  6(1  -  a)/c :  (2)  -  0.6;  (3)  -  0.7;  (4)  -  0.8;  (5)  -  0.9. 

A 


Note  diat  the  size  of  receiver  entrance  pupil  was  supposed  here  to  be  “infinite”;  for  finite  values  of  the  parameter 
some  additional  signal  descent  with  6  is  observed. 

There  are  some  experimental  evidence  for  die  fiu:t  of  strong  stratification  of  the  volume  backscatter  coefficient: 
extremely  high  values  of  3(n)  are  found  to  be  concentrated  in  a  radier  thin  layer  (several  meters  thick),  and  it’s  depth  varies 
diumally. 

The  theory  of  lidar  signal  formation  described  in  sec.2  uses  the  siqiposition  of  a  sharp  peak  existence  in  the  angular 
distribution  of  VSF  around  180°.  The  proposed  interpr^adon  connects  the  enhanced  signal  values  with  the  presence  of  distinct 
thin  layers  of  sea  water  characterized  by  contrast  high  values  of  die  volume  backscatter  coefficient,  P(n),  practically  independent 
of  die  value  of  total  backscatter  coefficient  b^.  Several  possible  mechanisms  to  be  responsible  for  the  effect  of  “enhanced 
backscattering”  are  discussed  in  the  following  Sections. 

4.  ENHANCED  BACKSCATTERING:  HYDROSOLE  PARTICLES 

We  now  consider  die  two  backward  scattering  charactoistics,  and  P(ii),  for  monodispersive  hydrosole  ensembles. 

Two  parameters  may  be  considered  for  separate  particle  •  the  backscatter  efRciency,  e„. 


Oi 

(0^(6)  is  the  diffmntial  scattering  cross-section  and  =  no^  is  the  geometrical  cross-section  of  the  particle  with 
radius  a),  and  the  mean  efficiency  of  scattering  into  back  hemiqiliere,  e. 


•  2  f 

e  =  —  la*  sinQ  d0. 

It  is  clear  that  for  a  given  concentratkm  of  suspended  particles  in  water,  the  following  proportionalities  bold: 
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P(«)  -  p(n)  -  e. 


Figure  3,  a  and  b,  show  the  numerically  calculated  particle  size  effect  on  the  parameters  and  e  for  optically  soft 
spherical  particles  (relative  refiractive  index  1.05). 


Figure  3.  Backscatter  efficiencies  e.  (solid  curves)  and  e  (dashed  curves)  against  the  diffraction  parameter  2*  of  qriierical 

particle  with  radius  a. 

It  is  seen  that  for  small  particles  with  radii  close  to  die  wavelengdi  of  light,  X,  die  inequality  <  e  is  t3rpical,  while 
for  large  particles  (tens  of  X  and  more)  the  most  probable  is  the  inverse  inequality,  >  e. 

Even  more  prominent  exanqiles  of  angular  anisotropy  of  backscattering  (e,  »  e)  are  demonstrated  by  two^ayeied 
particles.  Figure  4  shows  the  form  of  scattering  phase  function  in  the  vicinity  of  angle  6  =  n  for  spherical  particle  with  optically 
soft  core  =  1)  of  radius  equal  to  24  pm  and  coat  thickness  of  1  pm  (n^g^  =  1 .52);  the  computations  were  perftirmed 
with  the  help  of  modified  algoridim  BHCOAT  for  X  =  514  nm. 

One  more  possible  mechanism  that  explains  the  narrow  peak  formation  in  the  angular  intensity  distribudon  around 
180°  of  light  scattered  by  ^rse  hydrosole,  relates  to  the  well  known  effect  of  ccdierent  enhanced  backscattering  .  While 
it  is  not  [vobable  to  observe  the  classic  variant  of  the  effect  due  to  multiple  scattering  by  ensemble  of  suqiended  particles  in 
sea  water,  the  backscatter  enhancement  may  be  caused  by  coherent  multiple  scattering  of  light  inside  separate  sufficiendy  large 
particles  with  strong  enough  irregular  optical  inhomogeneities  of  internal  structure.  It  is  just  typical  for  some  biological  olgects 
m  sea  water,  like  alga  cdls  (coccolito|diorids,  diatoms,  etc.)  It  must  be  noted  that  the  biological  particles  usually 
ctmcentrates  at  distinct  horizons  in  conformity  with  the  considered  lidar  data. 

5.  ENHANCED  BACKSCATTERING:  REfRACTlVE  TURBULENCE 

The  problem  of  light  scattering  by  a  volume  of  random  witP  weak  refractive  index  inhomogeneilies  was 

discussed  in  well-known  monographs  and  manuals  (see,  e.g.  According  to  the  classical  fornnila  given  in  dw  pqters,  die 
scattered  intensity  is  prc^xirdonal  to  die  effective  scattering  volume,  V,  and  is  caused  by  incoherent  summation  of  contributians 
from  separate  elements  of  the  medium.  For  radiation  wavelength  X  the  “incoherent  scattering"  cross-section  ftir  a  given 
scattering  angle,  t,  is  determined  by  singled  out  harmonic  component  of  spatial  spectrum  <I*g(ae)  of  didectric  permittivity 
fluctuations  with  the  period 

1(0)  =  ^ ^ 

*(0)  2  sin^  iksin^ 
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Phase  function  (norm.) 


Angle  from  the  backward  direction  (degrees) 


Figure  4.  Numerically  calculated  scattering  idiase  function  for  two-layered  qjherical  particle. 

where  k  =  is  the  incident  radiation  wave  number.  The  result  correqxmds  to  the  Bragg  condition  for  diffraction  of  waves 
on  spatial  structures. 

The  qiectrum  <I>s(<e)  decreases  rapidly  in  the  dissipation  interval ,  where  1^  is  the  internal  scale  of  turbulent  fluctuations 
So  for  backward  direction,  that  is  for  6  »  n,  die  spectral  density  at  the  qiatial  frequency  ae(9)  =  becomes  n^igibly 

small  for  wavelength  X  <  Vq.  Since  the  internal  scale  for  sea-water  turbulence  is  measured  by  millimeters  the  incoherent 
backscattering  of  visible  li^t  is  practically  absent 

Theoretical  analysis  carried  out  by  one  of  the  authors  reveals  an  additional  component  of  light  scattering 
cross-section  by  a  layer  of  random  medium.  The  ernrespemding  angular  distribution  of  scattered  ra^ation  is  concentrated  in  a 
narrow  solid  angle  around  backward  direction.  The  effect  is  shown  to  be  caused  by  crdierent  summation  of  light  fields  scattered 
by  elementary  layers,  and  may  be  regarded  as  an  analogy  to  the  phenomenon  of  weak  photon  localization  in  1-D  structures 

Let  A  be  the  thickness  of  the  turbulent  medium  layer,  and  5  be  the  effective  area  of  illuminated  plane  boundary  of  the 
layer.  We  consider  the  case  when  incident  light  beam  direction  is  perpendicular  to  its  boundary,  and  scattering  angles,  6,  are 
in  the  vicinity  of  backward  direction,  that  is 


|n-8|  <  1  .  (»5) 

According  to  the  total  differential  cross-section,  o(9),  may  be  written  as  the  sum, 

0(9)  =  o«(9)  +  oK0). 

The  first  term  in  (16)  corresponds  to  the  “coherait  backscattering**: 
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(17) 


tTc(0)  =  ^  K(V§^  +  it^n-e)^) 

— oo 

and  does  not  depends  on  h  (it  is  assumed  that  h  >>  lo).  The  second  term  in  (16)  is  givra  by  the  formula 

ai(0)  =  ^^^^<I>6(a<0)) 


(18) 


where 


ae(0)  =  2  i  sin®/^  (^^) 

Eq.(17)  coincides  with  die  expression  for  “incoherent”  scattering  cross-section  from  Really,  V  =  5h  is  the 
effective  scattering  volume  of  turbulent  medium,  and  the  argument,  e(0),  of  <l>g  in  (18)  [see  Eq.(19)]  corresponds  to  the 
harmcmic  conqionent  of  the  spectrum  with  period  given  by  Eq.  (14). 

It  is  evident  that  for  visible  light  scattering  in  backward  direction  “incoherent”  component  a,-  is  the  negligible  addition 

toa^. 


To  obtain  a  quantitative  estimate  for  the  effect  of  backscattering  by  refractive  turbulence  in  the  sea  water  on  lidar 
signal  we  use  the  gaussian  model  of  the  spectrum 


<^(«)  = 


<eS  1b 
(2  nf 


where  <e^  is  the  variance  of  dielectric  permittivity  fluctuations.  Let  lo  »  1  cm,  and  A  «  10  cm  (die  value  correqxHids  to 
die  sounding  pulse  duration  of  1  ns).  Then  according  to  (17)  die  equivalent  value  of  effective  volume  backscattering  coeffi- 
cimt  for  refractive  turbulence,  PK")  is 


PXn)  =  ^*41(f<E*> 

The  values  of  <e^  for  refractive  turbulence  in  the  ocean  are  known  to  lie  in  the  range  from  10'*^  to  10"*®  and 
thus  for  P,(n)  we  have 


p,(7i)  »  41(r*-4-10-'  (m  SR) '. 

The  maximal  values  of  P(n)  registered  in  optical  back-  scatter  measurements  [10'^  (m  SR)'*]  get  into  the  middle 
of  the  range.  So  the  quantitative  estimates  show  the  backscattering  by  turbulent  layers  in  water  column  produce  noticeable 
contributions  to  signal  registered  in  lidar  experiments,  and  thus  the  effect  under  consideration  has  to  be  taken  into  account 
when  interpretation  of  laser  remote  sounding  data  is  carn^  out.  It  seems  that  the  co-  herent  backscattering  by  intensive  refractive 
turbulence  may  cause  the  anomalously  high  lidar  signals  from  sqiarate  horizons  near  the  jump  in  temperature  and/or  salinity 
profiles. 
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6.  CONCLUSIONS 


The  developed  theory  of  backscattered  light  signal  kinetics  under  the  pulsed  illumination  of  sea  water  column  takes 
into  account  the  angular  anisotropy  of  volume  scattering  function  in  the  back  hemisphere.  On  the  base  of  the  theory,  an 
interpretation  is  proposed  for  anomalously  high  levels  of  lidar  signals  from  separate  sea  water  layers  registered  in  airtome 
sounding  experiments.  The  explanation  connects  the  enhanced  echo-signals  with  the  presence  of  distinct  diin  layers  of  sea  water 
characterized  by  contrast  high  values  of  the  volume  backscatter  coefficient.  The  interpretation  is  shown  to  be  consistent  with 
the  measurements  of  VSF  in  the  vicinity  of  180°  and  revealed  fine  structure  of  vertical  profiles  of  die  backscattering  coefficient 

Two  possible  mechanisms  to  be  responsible  for  the  effect  of  “enhanced  backscattering”  are  discussed;  first  of  them 
presuppose  the  presence  of  high  concentration  of  large  biological  particles  at  corresponding  horizons.  An  alternative  explanation 
is  based  on  presented  theoretical  results  concerning  backscattering  of  light  by  refractive  turbulence. 

The  quantitative  estimate  shows  that  the  coherent  backscattering  by  intensive  turbulence  in  separate  layers  near  the 
jump  in  tenqierature  and/or  salinity  profiles  may  be  the  cause  for  anomalously  high  lidar  signals  from  corresponding  horizons. 
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ABSTRACT 

A  Monte  Carlo  model  is  used  to  examine  the  effect  of  water  turbidity  on  the  temporal  st(»age  of  photons.  Multiple 
scattering  can  store  light  in  increasing  scattering  orders.  It  is  hypothesized  that  this  light  will  be  present  in  a  LIDAR  gate 
when  signal  photons  return  from  a  distant  target  and  will  generally  exceed  the  backscaiter  predicted  by  single  scatter  models. 

A  photon's  mean  survival  time  in  a  turbid  medium  is  the  imrduct  of  the  medium's  absorption  coefficient  at  the  photon's 
wavelength  times  the  speed  of  light  in  the  medium.  For  very  clear  ocean  water  (a=0.023  m  @  480  nm)  this  is  about  190 
nanoseconds,  the  time  that  it  would  take  a  laser  pulse  to  travel  to  and  return  from  a  target  20  meters  distant  The  model 
considers  an  unbounded  body  of  water  illuminat^  by  light  finom  a  pulsed  laser  beam.  An  irradiance  receiver  collocated  with 
the  laser  transmitter  is  the  detector.  Future  studies  will  use  radiance  detectors  of  varying  field  subtenses.  Storage  is  studied  as 
the  absorption  and  scattoing  constituents  of  the  water  are  incrementally  varied  in  multiples  of  those  found  in  clearest  sea  water. 
Single  scatter  albedos  ranged  from  about  0.2  to  0.85  to  span  naturally  occurring  conditions.  Results  for  this  geometry  show 
multiply  scattered  light  surpassing  singly  scattered  light  returns  for  paths  of  the  order  of  a  volume  attenuation  length  or  less. 

1.  INTRODUCTION  AND  BACKGROUND 

Laser  and  LIDAR  (Light  I^etection  And  Ranging)  system  technology  has  advanced  such  that  a  number  of  systems 
are  being  used  in  the  underwater  environment.  For  the  Hrst  time  large  data  ba^  of  LIDAR  performance  are  available.  When 
this  data  is  compared  to  modeling  predictions  of  performance  it  is  often  the  case  that  modeled  Signal  to  Noise  Ratios  (SNR)  in 
the  LIDAR  receiver's  range  bin  (or  gate  for  imaging  sy^ems)  are  greater  than  the  actual  measured  SNRs.  This  study 
investigates  the  hypothesis  that  a  possible  cause  of  this  measured  versus  modeled  SNR  excess  is  the  relatively  long  time  that  it 
takes  scattered  light  in  water  to  be  absorbed.  This  phenomenon  is  called  Optical  Ringing.  It  is  analogous  to  echoing  sound 
reverberation  in  SONAR.  It  is  not  the  same  phenomenon  as  the  "laser  pulse  tail"  which  is  often  cited  as  a  possible  cause  for 
modeling  versus  measured  differences. 

U _ Optical  ringing 

Optical  ringing  in  a  scattering/iabsotbing  medium  is  quite  simply  related  to  the  mean  time  that  it  takes  a  photon  to  be 
absorbed.  Preisendorfer^  discussed  the  temporal  behavior  of  light  Helds.  He  made  an  analogy  between  the  transient  photon 
storage  in  a  turbid  medium  and  the  transient  response  of  electronic  charge,  q,  in  a  simple  series  circuit  of  a  battery  of  voltage, 
V,  a  capacitor  of  capacitance,  C,  and  a  resistor  of  resistance,  R.  The  series  circuit  has  a  time  constant  given  by  RC  for  the 
capacitor  charge  or  discharge.  If  the  battery  is  switched  into  the  circuit  for  an  instant  of  time,  the  voltage  tqpearing  across  the 
resistor  will  be  spread  in  time  and  be  proportionai  to  exp(-t/RC). 

A  turbid  medium  "stores"  light  in  the  scattered  light  field  analogous  to  the  capacitor  storing  charge.  The  "stored" 
light  bounces  around  until  dissipated  by  absorption  in  the  medium.  Absorption  is  thus  analogous  to  the  circuit's  resistance. 
The  greater  the  ratio  of  scattering  to  absorption  the  greater  the  fraction  of  light  stored  in  increasingly  higher  scattering  orders  at 
each  successive  scattering  event  A  convenient  measure  of  the  ratio  of  scattering  to  absorption  is  given  by  the  single  scattering 
albedo  of  a  medium,  (Oq  =  b/(a  -f  b)  where  a  is  the  already  mentioned  volume  abscMption  coefficient  and  b  is  the  volume 

scattering  coefficient  both  in  units  of  m'^.  Preisendorfer  showed  that  for  a  pulse  of  finite  duration  the  ratio  of  energy  in  the 
nth  scattering  order  to  the  original  pulse  energy  varied  as  the  nth  power  of  the  single  scatter  albedo,  coo".  A  large  single 
scatim’  albedo  means  a  larger  stored  light  field. 

A  photon's  mean  survival  time  in  a  turbid  medium,  T,  analogous  to  the  circuit's  RC  time  constant  is  given  by  the 
quotient  of  the  medium's  absorption  coefHcient,  a,  at  the  photon's  wavelength,  times  the  speed  of  li^t,  c  (m/sec),  in  the 

medium  .  Hence  T  =  (ac)  **  with  units  of  seconds.  For  very  clear  ocean  water  (a=0.023  m  @  480  nm)  T  is  about  190 
nanoseconds. 
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The  implication  is  that  a  photon  scattered  near  the  LIDAR  as  a  pulse  transmits  outward  has  some  probability  of 
surviving  and  reaching  the  receiver  at  the  same  time  that  it  would  take  an  unattenuated  photon  to  travel  to  ^  return  from  a  20 
meter  distant  target.  An  important  question  is  ...  what  is  this  probability?  But  first,  what  relevance  is  it  to  LIDAR  modeling? 

1.2  Optical  ringing’s  relevance  to  LIDAR  SNR 

The  SNR  for  a  LIDAR  range  (or  alternatively,  time)  bin  or  gate  may  be  defmed  as  the  ratio  of  the  energy  (or  photon 
number)  in  the  bin  returned  from  the  target  to  the  shot  noise  of  the  eno-gy  from  the  water  backscattCT  and  ambient  background 
iq)pearing  in  the  bin.  The  SNR  for  a  range  bin  in  terms  of  number  of  photons  is  given  as  SNR  =  ( ns  )^  /  ayp' .  Here  0$  is 
the  number  of  signal  photons  and  the  noise  variance  due  to  non-signal  background  light  often  dominated  by  watn 
backscatter.  (Noise-in-signal,  dark  current  noise,  and  other  noise  sources  are  neglected  fw  discussion  purposes.)  For  range 
gates  far  from  the  sea  surface,  Poisson  statistics  apply  to  the  background  term.  Thus  the  noise  variance  of  the  background 
equals  the  background  mean  ,  i.e.  a\p-  =  nb  where  nb  is  the  mean  number  of  photons  due  to  background  returned  in  the  bin. 
The  SNR  becomes  SNR  =  ( ns  )^  /  nb  .  The  importance  of  background  photons  is  evident  in  this  representation.  For  every 
10  fold  increase  in  mean  background  photons  SNR  decreases  by  10  dB.  This  is  roughly  equal  to  a  decrease  in  LIDAR 
performance  of  one  attenuation  length  in  range.  Thus  uncertainty  in  the  knowledge  of  background  photon  quantities  translates 
directly  into  uncertainty  in  LIDAR  poformance  predictions. 

In  most  analytic  models  of  the  LIDAR  system  the  number  of  photons  nb  from  water  backscatter  is  proportional  to 
P(n)c5t/2n  where  P(n)  is  the  scattering  phase  function  at  n  radians,  c  is  the  speed  of  light,  5t  is  the  width  of  the  time  bin 
in  seconds,  and  n  is  the  refractive  index  of  seawater.  These  analytk:  models  assume  that  the  only  light  returned  to  this  bin 
from  the  initial  laser  pulse  has  been  singly  scattered  from  the  water  at  the  bin's  range.  No  account  is  taken  of  the  possibility 
that  multiple  scattered  light  might  survive  with  possible  consequences  to  SNR. 

2.  APPROACH 

Our  Tirst  thought  in  designing  a  program  to  investigate  Optical  Ringing  was  to  use  a  combination  of  modeling 
calculations  and  laboratory  measurements  in  a  one  meter  square  wide  by  8  meter  long  tank.  This  idea  was  soon  discarded.  A 
photon  would  require  about  70  nanoseconds  to  make  a  round  trip  traverse  of  the  8  meter  long  tank.  In  the  radially  unbounded 
sea  scattered  photons  returning  in  70  nanoseconds  would  nec^sarily  come  from  a  hemispherical  volume  of  8  meters  radius 
centered  on  the  LIDAR  source/receiver  aperture.  This  required  geometry  could  not  be  obtained  in  our  narrow  laboratory  tank 
and  our  budget  was  not  sufficient  to  mount  an  at-sea  experiment  A  mt^eling  tqjproach  was  dictated.  A  favorable  feature  of 
the  modeling  approach  was  that  the  scattering  order  of  a  photon  reaching  the  receiver  could  be  determined.  Real  photodetectors 
can't  discriminate  scattering  order  and  thus  an  experimentalist  would  be  forced  to  interinet  measurements  with  reference  to  some 
type  of  modeling  predictions  anyway. 

2.1  The  Model 

The  modeling  approach  is  a  weighted  return  ^  Monte  Carlo  method.  Figure  1  is  a  sketch  of  the  geometry.  A 
perfectly  collimated  ( zero  divergence)  pulsed  source  and  an  irradiance  collector  are  located  at  the  x,y,z  origin.  The  source 
pulses  are  photon  packages  ( temporal  5  -  functions )  directed  along  the  z  axis.  (The  number  of  photons  in  a  package 
corresponds  to  the  a  user  input  laser  pulse  energy  given  in  joules.)  For  this  initi^  study  an  irradiance  collector  collocated  with 
the  source  accounted  for  the  returned  photon  weights.  (In  future  studies  this  collector  will  be  replaced  with  a  radiance  collector 
with  a  finite  field  of  view  like  a  LIDAR  receiver.) 

With  reference  to  the  figure,  a  photon  package  with  a  weight  equal  to  1  is  transmitted  into  the  water.  The  water  has 
an  absorption  coefficient  of  a,  a  scattering  coefficient  of  b,  and  a  scattering  phase  function  P(6)  obtained  from  McLean^  as  an 
analytical  fit  to  Petzold's  measurement^  of  P(6).  a  and  b  establish  an  attenuation  length  for  the  water  of  (a  b)'^  met^  A 
ranc^  number  generator  selects  a  number  from  0  to  1 .  If  the  numb^  is  less  than  the  fraction  a/(a'fb),  the  photon  weight  is 
tallied  as  absorbed  and  leaves  the  calculation.  A  new  photon  package  is  started.  If  the  random  number  is  greater  than  a/(a+b) 
then  a  weighted  scatter  return  is  sent  back  to  the  receiver. 

Weights  are  calculated  as  fdlows.  From  the  point  in  space  where  the  scattering  event  occurs  the  angle  from  the 
photon  package's  direction  before  scattering  back  to  the  irradiance  receiver,  Ob,  is  computed  from  geometry.  (For  the  on-axis 
first  order  scattering  this  angle  is  always  the  180  degrees  found  in  the  analytic  LIDAR  models.  For  all  higher  orders  the  angle 
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ranges  anywhere  from  0  to  180  degrees.)  The  angular  subtense  in  steiadians  of  the  iiradiancecdlector  aperture  as  seen  firom 
this  scattering  location  is  computed.  Knowing  the  angle  Ob  from  the  photon  package's  orescatter  direction  back  to  the 
collector  and  it's  angular  subtense  from  the  scattering  pmnt,  a  weighted  reuirn  to  the  collector  is  computed  as  the  product 
of  the  value  of  the  scattering  phase  function  3(0b)  tunes  the  solid  angle  subtended  by  the  collector.  The  subscript  T 
rq>resents  the  i-th  scattering  mder.  This  weight  represents  the  probability  that  photons  scattered  at  that  point  in  space  would 
have  returned  to  the  collector.  Forced  return  means  that  every  scattering  event  contributes  to  the  calculation.  No  scattering 
events  are  lost 


yaO 

ZaO 

figure  1  Model  geometry  for  weighted  Nfonte  Carlo  scattering 

Each  scatter  event  weight  returned  to  the  receiver  is  multiplied  by  a  factw,  exp[-<a  -i-b)D] .  This  accounts  for  the 
attenuation  of  the  weight  when  returned  from  the  scattering  event  position  at  a  distance  D  from  the  collect^’.  Aslighterrorof 
underestimation  is  introduced  as  photons  scattered  on  the  way  back  to  the  collector  are  assumed  to  be  absorbed  and  thus  Inwe 
the  calculation. 

The  total  distance  traveled  by  the  scattered  photon  weight  is  computed  i.e.  the  travel  path  distance  from  the  source  to 
the  scattering  location  plus  the  distance  from  the  scattering  location  back  to  the  detector.  This  travel  distance  is  divided  by  the 
qieed  of  light  in  water  to  obtain  the  time  that  the  weight  returns  to  the  detector.  The  returned  weight  is  then  stored  in  a  time 
bin  corresponding  to  the  return  time  and  scattering  order  by  adding  it  to  the  sum  of  previous  weighted  scattering  evoits  Three 
storage  registers  are  available  for  the  first  three  scattering  orders.  A  fourth  register  records  the  sum  of  fourth  and  greater  order 
scattering  events.  Each  register  has  1001  bins  of  1  nmiosecond  resolution  to  record  photon  arrivals  from  0  to  1000  nsecs. 

The  continuing  scattering  photon  package's  weight  is  then  reduced  by  the  weight  returned  to  the  collector  and  sent  in  a 
new  direction.  The  new  scattering  direction  is  obtained  using  the  random  number  generator  and  the  ^0)  function  to  select  a 
new  polar  scattering  angle  arid  a  uniform  2k  distribution  to  choose  a  new  azimuthal  angle.  The  new  dilution  is  checked  to 
ensure  that  it  is  not  toward  the  detector.  If  it  is,  the  random  number  generator  selects  a  direction  away  from  the  detector.  The 
rethiced  photon  package  moves  in  the  new  direction  and  the  process  is  rqieaied.  After  N  scatters  the  photon  package  wdght  is 
given  as 

Wtphoton  =  1  -  Wti  -  Wt2  -...-WtN  • 

If  not  absorbed  during  this  process,  the  photon  packtq^  continues  until  it's  weight  falls  below  a  predetermined  value.  A  new 
photon  package  is  then  started  from  the  source. 

At  the  end  of  a  typical  noi  of  10  million  photon  packages  the  leccnded  data  included  the  total  number  of  absorbed 
photons,  the  total  number  of  scattered  photons,  their  scattering  orxler,  and  their  arrival  times  at  the  detector.  The  relative 
importance  of  higher  order  scattoing  contributions  to  the  returned  light  was  thus  quantified. 
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22  Range  of  single  scatter  albedos 


Table  1  gives  the  values  of  absorption  and  scattering  coefficients  pertaining  to  the  results  shown  in  this  jtBper.  The 
table  is  ordered  in  terms  of  increasing  single  scatter  albedo,  roo  =  (b/(  frt-b).  The  {d>sotption  and  scattering  coefTicieitts  used  for 
the  first  nm,  mcl ,  were  taken  from  measurements  made  in  the  Nwih  Central  Pacific  Ocean  off  the  Hawaiian  Island  of  Kauai. 
The  idrsorption  arid  scattering  coefficients  for  the  other  three  cases  were  made  ig)  by  taking  multi^es  of  either  the  mcl 
drsorption  and/or  scattering  values  to  obtain  a  range  of  albedos.  This  allowed  the  stirdy  of  light  storage  as  media  changed  over 
a  range  of  albedos  rqrresentative  of  predominantly  absorbing  to  predominantly  scattering  water. 

TABLE  1 

Range  of  optical  propmies  studied 


Case# 

Absorption  a  (m'^) 

Scattering  b  (m'b 

Albedo  0)o 

mca3 

0.138 

0.042 

0.23 

mc4 

0.023 

0.023 

0.50 

mcl 

0.023 

0.046 

0.6S 

mc2 

0.023 

0.126 

0.85 

3.  RESULTS  AND  DISCUSSION 


3.1  .Successive  temporal  pwikiny  nf  sMttering  orders 


The  first  case,  mcl,  modeled  the  waters  off  Kauai.  Hawaii.  Figure  2  displays  the  results  for  this  run  as  a  aanposite 
plot  of  each  scattering  order.  The  purpose  of  showing  this  graph  is  to  note  the  different  time  sl(^)es  for  the  scattering  orders 
and  to  observe  how  each  successively  higher  scattering  order  dominates  the  total  return  for  a  time.  (Displays  are  not  shown  for 
the  other  runs  but  are  similar.)  The  total  return  is  the  sum  of  all  ordm  and  is  what  would  be  seen  by  a  real  detector.  A  real 
detector  could  not  discriminate  the  scattering  order  ariociated  with  each  received  photon. 

The  data  has  been  smoothed  with  a  ten  point  Hamming  window  lowpass  filter  implemenied  on  an  Excel  spreadsheet 
Data  has  not  been  decimated.  Note  that  the  y-axis  has  units  of  photoeleclrons.  This  is  a  display  option  of  the  Monte  Carlo 
program  which  scaled  photons  to  photoelectrans  received  for  a  specific  LIDAR  laser  and  receiver  cha^teristk. 

Note  the  succession  of  scattering  order  contributions  to  the  total  return.  Early  in  the  record  (0  to  40  nanosecs)  total 
return  is  dominated  by  first  order  scatter.  However  as  time  increases  the  first  order  return  decreases  at  a  greater  rate  than  the 
second  order  return.  A  time  is  reached  where  the  second  order  return  is  greater  than  the  first  and  second  order  becomes  the 
dominant  return  in  the  total.  This  sequence  is  repeated  with  each  successive  order  as  time  increases.  Finally  after  about  2(X) 
nanoseconds,  tobd  scatter  return  is  comprised  almost  exclusively  of  fourth  order  and  greater  scatter.  Table  2  lists  the  times  in 
nanoseconds  at  which  each  order  exceed^  the  previous  order  in  magnitude. 


N+1  > 

2 

3 

4andgteiier 


TABLE 2 

Times  in  nanoseconds  when  N-i-1  st  scattering  order  exceeds  Nth  scattering 


N  @ 
1 
2 
3 


nanoseconds 

41 

106 

197 


The  apparent  upturn  of  first  order  scattering  for  times  near  SOO  nanoseconds  is  simply  an  artifact  of  the  Excel  plotting 
routine  and  the  filtering  process  which  puts  energy  from  first  order  scatter  into  late  bins  which  in  fact  received  no  first  order 
scatter  contributions.  This  compresses  the  a^iarent  time  axis  and  causes  the  upturn.  Data  shown  in  the  next  section  has  been 
truncated  in  time  such  that  this  artifact  would  not  be  present. 


Figure  3  is  another  representation  of  the  mcl  data  in  figure  2.  This  figure  plots  first  order  scatter  together  with  the 
sum  of  all  greater  orders  as  a  function  of  incidence  time  on  the  receiver  in  nanoseconds.  This  display  emphases  the  relatively 
early  time  (40  nanoseconds)  at  which  the  higher  order  scattering  surpasses  first  order  scatter  back  to  the  detector. 
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1 3rd  order  scatter! 
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crossover 
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excess  of  higher  order  scatte 


1st  order  scatter 


NANOSECONDS 


I  •  IN  { rHiTl  IWn  ■  iT  i  T‘4T  I <  iKr '  I  f '  i  [il 


Figures  4  to  7  are  the  total  return  and  the  first  order  scattering  return  for  all  of  the  cases  covering  the  range  of 
increasing  albedos  shown  in  Table  I.  The  total  tetum  is  the  sum  of  all  scattering  orders.  Note  that  the  units  of  the  x-axis  for 
each  figure  has  been  transformed  from  nanoseconds  of  survival  time  into  range  to  a  target  given  in  terms  of  volume  attenuation 
lengths  defined  as  (a-i-b)*^  The  logic  for  this  conversion  is  that  if  a  scattered  photon  survived  and  returned  to  the  receiver  in  a 
time,  U  then  the  distance  that  an  on  axis  unscattered  photon  would  travel  to  and  be  reflected  from  an  on  axis  target  in  the  same 
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time  t  would  be  ct/h.  The  one  way  range  in  meters  would  thus  be  ct/^.  This  one  way  range  divided  by  the  attenuation  length 
(a+b)‘^  thus  rq>resents  the  range  in  units  of  attenuation  lengths  which  is  a  preferred  form  for  quantifying  optical  systm 
performance.  Normalization  to  attenuation  lengths  allows  the  comparison  of  performance  for  the  range  of  albedos  studied. 
Tid>le  3  will  show  for  the  four  cases  how  this  normalized  measure  is  related  to  time. 


HALF  OF  2-WAY  PATH  IN  UNITS  OF  (a+b)  ' 


fipire4  Total  and  I  St  order  temporal  scatter  return  for  low  albedo  0^  =  0.23  (case  mc3al 


HALF  OF  2-WAY  PATH  IN  UNITS  OF  (a+b)'* 
figure  5  Total  and  1st  order  temnoial  scatter  return  for  medium  albedo  0.50  fcasemc41 
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is  surprising  in  the  Table  are  the  very  short  ranges  (ca  0.2  to  1.3  attenuation  lengths)  at  which  multiple  scatter  becomes 
important 

TABLE  3 

Range  and  times  as  a  fuiKtion  of  albedo  where  scatter  from  2nd  and  higher  orders  exceed  1st  order  scatter 


Case# 

figure 

albedo  osq 

mc3a 

4 

0.23 

mc4 

5 

0.50 

mcl 

6 

0.65 

mc2 

7 

0.85 

range  multiple  scatter  time  multiple  scatter 


1st  order  scatter  in 

>  1st  order  scatter! 

(a+b)'^ 

nanosecs 

1.332 

37 

0.331 

64 

0.256 

35 

0.201 

12 

The  second  trend  is  shown  in  Table  4.  It  concerns  the  absolute  value  of  the  ratio  of  first  ruder  to  total  scatto’  at  return 
times  corresponding  to  a  target  range  of  4  attenuation  lengths.  (This  range  was  chosen  arbitrarily  to  rqnesent  a  typical  LIDAR 
performance  range.)  The  ratio  decreases  with  increasing  albedo  in  an  extreme  way.  It  may  seen  that  for  the  cases  presented  first 
order  scatter  contributions  are  several  orders  of  magnitude  less  than  total  scatter  at  this  4  attenuation  length  range. 

TABLE 4 

Ratio  of  single  scatter  to  total  scatter  for  times  corresponding  to  returns  from  4  attenuation  lengths 


Case# 

figure 

albedo  (Dq 

ratio  of  1st  order  to 
total  scatter  at 

4  (a+b)-l 

mc3a 

4 

0.23 

0.16 

mc4 

5 

0.50 

5.9  X  10-5 

mcl 

6 

0.65 

1.0  X  10-6 

mc2 

7 

0.85 

1.6  X  lO-”^ 

4.  SUMMARY  AND  FUTURE  WORK 

A  Monte  Carlo  model  has  been  used  to  examine  the  effect  of  Optical  Ringing  in  watra-  on  the  time  dependent  behavku 
of  multiply  scattered  light  returned  to  an  irradiance  collector  collocated  with  a  pulsed  collimated  light  source.  The  results 
indicate  that  the  multiple  scattered  component  which  is  genoaliy  neglected  in  a^ytic  LIDAR  modeling  may  be  of  nuMe 
importance  than  previously  thought. 

The  next  step  in  this  study  will  be  the  replacement  of  the  irradiance  collector  with  a  radiatKe  detector  in  the  Monte 
Carlo  code.  The  behavior  of  the  multiple  scattered  component  will  then  be  studied  as  the  radiance  detector’s  field  of  view  is 
varied  over  solid  angles  of  typical  gated  imaging  systems  and  LIDARs. 
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ABSTRACT 

in  recent  years,  broad  area  imaging  lidar  systems  have  been  applied  to 
ocean  applications.  These  lidars  have  now  been  operated  in  the  field  since  1988. 
These  systems  possess  certain  intrinsic  advantages  over  narrow  angle  systems, 
and  can  measure,  while  deployed,  the  very  oceanographic  properties  on  which 
their  performance  depends. 


BACKGROUND 

Imaging  lidar  systems  have  a  number  of  special  features  not  previously 
used  in  airborne  ocean  lidar  systems.  The  concept  itself,  developed  in  the  summer 
of  1987  and  subsequently  reduced  to  practice  in  the  field^’^  is  based  on  mature 
technology;  the  solid  state  diode  pumped  Nd.YAG  laser^,  which  had  been  in 
production  and  in  the  field  since  1989  and  was  successfully  tested  in  October, 
1993  (with  a  design  frozen  in  1991).  The  lidar  receiver,  an  ICCD  camera  has  been 
in  the  field  since  1988  The  scanner  provides  a  greater  area  coverage  and 
has  also  been  tested^.  With  the  scanner,  a  beam  homogenizer^  was  used.  The 
use  of  such  a  configuration  in  this  basic  concept  is  based  on  the  superiority  of 
broad  area  lidar  imaging  systems  over  narrow  area  or  "spot"  systems  using  a 
photodetctor. 

BROAD  AREA-NARROW  AREA  LIDAR  COMPARISON 

For  a  number  of  years,  lidar  research  was  carried  out  using  narrow  beam  or 
"spot"  systems.  This  was  because  for  a  given  energy  per  pulse  and  for  a  single 
pulse  greater  depths  could  be  attained  using  a  narrow,  collimated  beam.  These 
types  of  lidars  were  used  in  bathymetric  application,  where  only  intermittent 
soundings  needed  to  be  taken.  However,  when  the  broad  area  systems  were  first 
deployed,  and  area  coverage  became  an  issue,  it  soon  became  obvious  that  the 
performance  of  these  systems  far  exceeded  that  of  the  previous  narrow  beam 
systems.  This  improved  performance  was  explained®-''^  as  the  result  of  previous 
workers  not  fully  having  understood  the  role  of  optical  scattering  in  the  ocean 
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combined  with  the  requirement  for  complete  area  coverage.  Briefly,  this  can  be 
illustrated  in  terms  of  illumination  of  underwater  targets  in  the  ocean.  Recalling 
the  following  definitions  of  oceanographic  optical  quantities,  c  is  the  extinction 
coefficient  in  units  of  meter  ^  in  a  formalism  used  among  physical 
oceanographers^^  The  extinction  coefficient,  c  is  equal  to  the  sum  of  the  total 
scattering  coefficient,  b,  and  the  absorption  coefficient,  a.  This  is  nothing  more 
than  the  statement  that  a  given  photon  with  a  given  direction  of  motion  can  be 
either  scattered  or  absorbed  (or  continue  on  its  path);  or  that  a  narrow  beam  of 
light  can  be  attenuated  by  either  absorption  or  scattering.  Thus,  one  can  write 

c  =  a  +  b  (1) 

or  as  used  in  the  physics  community, 

Ktotal  =  Ka  +  Ks  (2) 

As  a  historical  note.  Equation  (1)  was  often  stated  as  defining  the  extinction 
coefficient,  a  quantity  which  could  be  apportioned  into  two  quantities  a  and  b;  a 
was  defined  as  an  absorption  component,  and  b  a  scattering  component.  These 
are  rather  inexact  definitions,  as  compared  to  the  later,  more  exact  Equation  (2). 
The  reason  for  the  previous  inexact  definitions  reflected  problems  in  measuring  c, 
and  a  caused  by  the  inability  to  deal  with  small  angle  forward  scattered  light. 
Earlier  researchers  used  the  absorption  coefficient  interchangeably  with  the 
irradiance  attenuation  coefficient.  Problems  with  this  procedure  will  be  discussed 
later  in  this  paper.  Also,  the  measurement  of  c  was  not  well  developed  at  this  time; 
hence,  the  earlier  inexactitude  in  defining  these  terms.  Although  measurements  of 
a  were  first  made  in  some  20  years  ago,  only  recently  has  reliable  hardware 
appeared  which  can  measure  both  c  and  a.  Because  of  the  early  interpretations  of 
Equation  (1)  the  physics  notation  of  Equation  (2)  will  be  used  in  most  of  this  paper. 

Is  =  lo  exp  (-Ksx) 


lo 

la  =  lo  exp  (-KaX) 


I  =  lo  exp  -(Ka  +  Ks)  x 

. .  ■) 


Figure  1 
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The  coefficients  Kg  and  Kg  appear  in  the  equations  governing  the 
propagation  of  light  in  a  turbid  medium.  For  a  very  narrow  beam,  this  is  shown  in 
Fig.  1.  using  the  physics  notation: 

Here,  a  beam  with  initial  intensity  Iq  is  attenuated  by  both  absorption  and 
scattering.  Figure  1  represents,  of  course,  the  narrow  angle  or  spot  system.  The 
extinction  coefficient  is  frequently  measured  during  sea  trials,  and  it  is  the  quantity 
which  appears  in  the  equation  for  Secchi  depth  as  a  function  of  sea  turbidity.  In 
Fig.  1 ,  The  initial  light  intensity.  Iq.  is  then  attenuated  according  to  the  relationship 


l  =  loe-(Ka+K^)d 


(3) 


where  d  is  the  depth  below  the  surface  of  the  ocean,  for  example,  if  an  object  is  at 
the  depth  d,  it  will  be  illuminated  by  a  light  intensity  I,  given  by  (3).  At  the  observing 
lidar  camera,  the  reflective  return  from  the  object  is  the  "signal”,  and  so  (3)  can  be 
written 


Sn 


e-2(Ka  +  Kj,)d 


(4) 


for  the  narrow  angle  or  spot  system. 

Consider  now  the  performance  of  a  system  using  broad  area  illumination. 
In  this  configuration,  a  cylindrical  element  within  the  wide  area  illuminated  light 
field  is  shown  in  Figure  2. 


I  s  lo  exp  (-Kax) 


That  part  of  the  beam  within  the  cylinder  is  attenuated  as  before,  and  a 
certain  amount  of  light  is  scattered  out  of  the  cylindrical  element.  Because  this 
cylindrical  element  is  immersed  in  the  interior  of  the  broad  area  illuminated 
element,  it  is  surrounded  by  elements  identical  to  itself.  Therefore,  the  amount  of 
light  scattered  out  of  the  element  is  replenished  by  light  scattering  back  into  the 
initial  element  from  all  the  surrounding  elements.  In  this  case,  the  attenuation  of 
light  in  the  cylindrical  element  under  consideration  is  given  by  exp  (*Kad),  not  by 
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the  term  exp  -(Ka  +  Ks)cl  as  in  the  narrow  angle  case.  Here,  the  attenuation  is 
given  by  e~Ka<>  on  the  path  down  to  the  target  and  by  the  relationship  e'(*<a^  *^8^  on 
the  path  back  to  the  camera.  Thus 


S~e-(2Kj,  +  Kj,)d  (5) 

The  terms  in  Equation  (4)  and  (5).  (a  »  Ka  and  b  =  Ks)  bear  a  rough 
relationship  to  each  other.  This  situation  is  best  summarized  in  Fig.  3^^.  and  will  be 
used  in  comparing  the  two  methods  of  illumination. 

Returning  to  Equation  (4)  and  (5)  and  comparing  the  signal  return  from  a 
narrow  angle  system  with  that  returning  from  an  equivalent  cylinder  in  a  broad 
area  iliuminated  light  field,  we  obtain: 


(6) 


it  should  be  noted  that  the  expression  irradiance  attenuation  coefficient  of 
Figure  3  is  often  used  synonomously  with  the  term  diffuse  attenuation  coefficient.. 
Fig.  3  is  a  plot  of  the  irradiance  attenuation  coefficient,  Kd  vs.  the  total  scattering 
coefficient,  Ks.  The  irradiance  attenuation  coefficient  is  a  measure  of  the  attenuation 
of  sunlight  with  depth,  usually  measured  with  narrow  band  filters.  It  should  be  noted 
that  the  irradiance  attenuation  coefficient,  Kd  of  Figure  3  is  more  commonly  referred 
to  as  the  diffuse  attenuation  coefficient.  It  has  been  argued  by  Ivanovas  that  there  is  a 
close  correspondence  between  Ka  and  Kd  so  the  two  quantities  will  be  used 
interchangeably.  It  can  be  seen  that  if  a  typical  value  from  Figure  3.  is  used  assuming 


IKRAOIAICE  AHCNUATION  COEFFICIENT  0-SOM(iS&nm| 


Figure  3:  Total  Scattering  Coefficient  vs.  Irradiance  Attenuation  Coefficient,  m-^ 
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that  Ka  »  0.05  m'i  (referred  to  by  oceanographers  as  20  meter  water  with  20 
meters  the  e-folding  length  for  the  given  Ka),  Ks  will  be  ~  0.085.  Then,  the 
performance  of  the  narrow  angle  system  will  be  degraded  by  a  factor  of  exp(Ksd). 
At  20  meters  depth,  this  represents  a  loss  of  a  factor  of  ~  5.5  in  signal,  and  the  loss 
in  signal  strength  is  exponential  in  depth. 

Another  consideration  is  that  Figure  3  represents  data  for  a  wavelength  of 
465  nm.  at  depths  from  the  surface  down  to  50  meters.  These  data  are  more 
relevant  to  littoral  waters  than  might  appear  at  first  glance,  because  as  will  be 
shown  later  on  in  this  paper,  littoral  waters  can  be  quite  clear. 

This  analysis  is  simplistic.  We  have  ignored  the  effects  of  multiple 
scattering,  finite  receiver  FOV,  return  signals  from  illuminated  regions  beyond  the 
FOV,  finite  beam  divergence,  and  non  conservative  scattering  effects.  And,  the 
presence  of  a  signal  only  is  not  sufficient  for  a  measurement  or  detection  to  be 
made,  in  fact,  noise  must  be  taken  into  account.  Sunlight  is  one  source  of  noise.  It 
can  be  minimi2ed  by  use  of  narrow  bandpass  optical  filters.  This  source  of  noise 
will  be  the  same  for  both  cases.  The  case  of  backscattering  "noise"  is  a  little  more 
complicated,  since  it  is  a  consequence  of  the  downward  transmitted  light  field,  it 
varies  by  a  factor  of  Ve,  (with  E  the  energy  per  pulse)  rather  than  E,  so  the 
exponential  effects  of  depth  on  signal  still  dominate.  Of  course,  when  an  object  is 
observed  in  obscuration,  this  particular  "noise"  becomes  the  signal,  and  its 
presence  is  necessary  for  the  observation  to  be  made. 

Other  assumptions  have  been  made,  for  example,  the  spreading  of  the 
broad  area  beam  will  be  more  pronounced  than  that  of  the  narrow  angle  beam 
since  the  beam  must  be  expanded  to  cover  a  larger  area.  In  this  example,  the 
illuminating  beams  are  both  assumed  to  be  originating  at  an  infinite  distance  in  a 
non-scattering,  non-  attenuating  medium;  the  atmosphere. 

Finally,  is  must  be  assumed  that  even  if  light  scattering  out  of  the  cylindrical 
volume  element  shown  in  Figures  1  and  2  at  angles  between  90**  and  180**  does 
reenter  the  small  cylindrical,  element  as  in  Figure  3,  it  will  be  back  scattered  and 
will  never  reach  the  underwater  target.  This  effect  is  small,  as  this  part  of  Ks  is  only 
about  1/20  of  the  total.  This  and  many  of  the  others  effects  ignor^  in  this  simple 
analysis  mentioned  previously  will  be  accounted  for  in  the  monte-carlo 
calculations  to  be  described  shortly.  In  any  case,  the  attenuation  of  light  in  the 
ocean  is  exponential,  and  dominates  Equation  (2).  The  other  effects  cited  are 
second  order  and  far  less  significant. 

Consider  a  iidar  system  with  pulse  repetition  rate  prr,  and  beam  area  A.  The 
geometric  sweep  rate  (area  covered  per  unit  time),  r.  is  given  by 

R  =  prrA,  (7) 

where  it  is  assumed  that  each  pulse  covers  new  water  and  does  not  overlap  with 
water  previously  covered. 
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If  E  is  the  energy  per  pulse,  then  the  output  power  (Pwr)  of  the  laser  is  given 
by 


Pwr  =  pprE  (8) 

Dividing  (8)  by  (7)  gives 

Em  ,  E  (9) 

R  A 

where  E/A  is  the  energy  fluence  per  unit  area. 

Now  consider  two  systems  (e.  g.,  a  broad  beam  system  and  a  narrow  beam 
system)  that  have  the  same  power  output  and  the  same  geometric  sweep  rate. 
The  equation  above  shows  that  in  this  case,  they  must  also  have  the  same  energy 
fluence.  E/A  at  the  surface. 

This  means  that  if  broad  and  narrow  angle  systems  operate  with 
the  same  average  power  and  are  required  to  map  or  place  under  total 
area  surveillance  a  given  area,  the  fluence  per  unit  area  delivered  by 
the  laser  transmitter  for  both  systems  is  identical. 

The  next  part  of  this  paper  is  intended  to  achieve  a  more  precise  estimate  of 
the  differences  between  the  performance  of  the  two  systems.  In  practice,  analysis 
of  spot  or  narrow  beam  systems  has  shown  that  while  their  attenuation 
characteristics  are  much  stronger  than  those  predicted  by  exp(-2Kd).  they  are  not 
well  approximated  by  exp(-Kt).  This  is  because  the  "real"  system  geometry  falls 
between  the  idealized  narrow  beam,  which  is  chosen  to  be  an  unrealistically 
narrow  beam  and  the  infinitely  broad  wide  area  system.  Therefore,  use  of  monte 
carlo  techniques  is  called  for.  It  will  now  be  shown  below  that  the  fluence  per  unit 
area  measured  at  the  center  of  the  beam  below  the  surface  will  be  larger  for  the 
wide  beam  system  than  for  the  narrow  beam  system  regardless  of  depth.  This 
should  be  true  across  the  entire  beam  area,  although  these  calculations  have  not 
yet  been  made. 

Consider  a  point  on  the  transmitter  beam  axis  at  some  depth  d.  Assume  that 
the  energy  fluence  per  unit  area  is  uniform  over  the  transmitter  beam  and  that  the 
circular  cross  section  of  the  beam  has  radius  R.  Also,  assume  that  the  beam  is 
collimated,  i.  e.  that  all  photons  are  originally  directed  parallel  to  the  beam  axis. 
We  are  interested  in  studying  the  behavior  of  this  maximum  fluence  as  a  function 
of  beam  radius  and  depth  d. 

It  can  be  shown  mathematically  that  the  ratio  of  the  energy  fluence  per  unit 
area  at  depth  d  to  the  energy  fluence  per  unit  area  in  the  beam  at  the  surface  is 
equal  to  the  probability  that  any  given  transmitted  photon  will  fall  within  a  circle  of 
radius  R  at  depth  d.  Note  that  photons  may  fail  to  reach  depth  d  by  being  absorbed 
or  being  permanently  back  scattered.  The  mathematical  equivalence  of  the 
calculation  of  fluence  at  the  origin  to  the  problem  of  computing  a  "capture" 
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probability  makes  it  a  simple  matter  to  compute  the  solution  by  monte-carlo 
simulation  for  any  volume  scattering  function. 

The  volume  scattering  phase  function  used  in  the  monte-cario  calculations 
is 


m= 


(10) 


where  Kx«  1.175.  This  value  is  chosen  so  that  the  phase  function  will  integrate  to 
unity  with  respect  to  solid  angle,  for  0  ^  6  ^  n.  The  value  of  6o  «  .06  radians  (3.4 
degrees)  is  used  in  the  calculations  below  as  described  by  McLean  and  Vosses. 


Infiumea  of  Boom  Width  on  Fluenee 
Oopth  -  20,  40.  60,  and  80  Motera 
(e^-0.06.  a-0.03,  b«0.05S) 
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Figure  4a 


Figures  4a  and  4b  show  the  effect  of  varying  the  beam  radius  at  the  surface  on  the 
irradiance  at  a  given  depth.  Parameters  for  coastal  water  are  chosen,  with  the 
diffuse  attenuation  coefficient  of  0.03  m  ^  and  the  scattering  coefficient  0.055  m  L 
This  water  is  ”33  meter  water"  For  this  water  type,  the  extinction  coefficient  is  equal 
to  0.03  •••  0.055  >  0.085  m'L  Note  that  the  values  plotted  give  the  ratio  of  the 
energy  fluenee  per  unit  area  on  the  beam  axis  to  the  energy  fluenee  per  unit  area 
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of  the  beam  on  the  surface.  Recall  that  surface  fluence  must  be  the  same  for  both 
wide  and  narrow  beam  systems 

Figure  4a  shows  the  results,  in  this  class  of  water,  the  effects  of  varyirig 
beam  width  are  shown.  At  20  meters  depth,  increasing  beam  width  to  values  in 
excess  of  5  meters  has  little  further  effect  on  the  irradiance.  At  80  meters, 
however,  the  beam  radius  at  the  surface  must  be  increased  to  20-25  meters 
before  the  maximum  normalized  irradiance  levels  off.  There  is  an  increase  of 
nearly  a  full  order  of  magnitude  in  irradiance  at  80  meters  when  the  beam  radius 
is  increased  from  5-25  meters. 

In  Figure  4b,  the  irradiance  is  plotted  on  a  linear  scale,  and  the  effect  of 
varying  beam  angle  is  shown  in  more  detail. 

Lidar  systems  generally  can  function  up  to  four  or  five  e-folding  lengths  at  a 
maximum  (although  the  Russians  claim  better  performance),  so  a  33  meter  depth  is 
the  relevant  curve.  If  a  narrow  angle  system  is  searching  for  detail  the  size  of  one 
meter,  then  the  beam  diameter  on  entry  into  the  ocean  should  be  no  more  than  three 
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Figure  4b 
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meters  to  retain  the  signal  from  one  part  of  the  area  irradiated  without  it  being 
swamped  by  noise  and  other  signals.  (If  the  signal  return  occupies  a  square 
meter,  then  it  is  reduced  by  a  factor  of  ten  with  respect  to  noise  if  the  area 
illuminated  is  ~  10  square  meters  in  a  system  using  a  time  resolved  photo 
detector)  Then  an  increase  in  beam  diameter  from  3  to  15  meters  increases  the 
irradiance  by  a  factor  of  ~  1.5;  the  effect  is  even  more  striking  when  1  and  2  meter 
diameter  beam  diameters  are  used;  factors  of  two  to  four  are  then  involved. 

There  is  a  natural  compatibility  of  wide  area  illuminating  systems  and 
imaging  cameras,  and  small  area  with  the  time  resolved  photo  detector  approach. 
In  the  latter  approach,  however,  the  electrical  signal  must  be  picked  off  at  the 
desired  depth,  then  assembled  real  time  into  a  mosaic.  Gating  is  not  necessary, 
since  the  signal  is  time  resolved.  With  a  imaging  camera,  gating  is  necessary,  but 
the  mosaic  of  pixels  is  already  present  in  each  frame. 

There  is  another  problem  associated  with  platform  stability  and  error 
tolerance.  In  the  narrow  beam  system,  illumination  and  imaging  errors  of  only  one 
or  two  feet  could  be  very  significant.  For  broad  area  systems,  a  foot  or  two  at  the 
edge  of  the  area  viewed  is  trivial  and  taken  account  of  in  the  natural  frame 
overlap.  The  overlap  is  easy  to  accommodate  in  the  targe  area  system;  for  the 
narrow  beam  system,  this  type  of  overlap  is  significant,  and  accommodating  it 
could  lead  to  a  degradation  in  sweep  rate.  It  makes  little  sense  to  speak  about 
homogenizing  the  beam  of  a  spot  system;  on  the  other  hand,  a  wide  area  beam 
can  be  very  effectively  homogenized,  and  spread  into  a  square  or  rectangular 
shape,  leading  to  very  efficient  area  coverage. 

In  conclusion,  a  wide  area  system  will  always  outperform  a  narrow  area 
system,  given  the  requirement  of  total  area  coverage  and  a  given  average  power 
allotment  for  both  systems. 


IMAGING  LIDARS  FOR  OCEAN  OPTICAL  MEASUREMENTS 

One  unanticipated  advantage  of  imaging  lidar  systems  is  their  ability  to 
make  real  time  oceanographic  measurements  in  operational  environment.  To 
evaluate  the  significance  of  this  capability,  it  is  necessary  to  understand  some  of 
the  basic  physics  and  optics  of  the  ocean  environment. 

The  geometry  and  mathematical  formalism  for  light  propagation  into  a  flat 
calm  ocean  are  well  understood^®-  Some  investigators  have  also  pursued 

the  effects  of  wave  action  on  light  propagation  and  image  formation^-^^-^  .But  the 
two  quantities  upon  which  a  lidar  performance  depends,  are  the  absorption 
coefficient,  Ka,  and  the  backscattering  coefficient  Both  these  ocean  optical 
properties  appear  in  the  basic  equations  governing  radiation  transport  in  the 
ocean.  The  absorption  coefficient  Ka.  closely  related  to  the  diffuse  attenuation 
coefficient  as  outlined  previously,  is  the  property  which  determines  how  deep  the 
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light  from  a  lidar  can  penetrate  the  ocean,  and  to  what  extent  the  light  returning 
from  a  target  is  attenuated. 

A  plot  of  the  variation  of  Kj  with  wavelength  is  shown  in  Figure  5.  Ocean 
and  littgral  water  is  divided  into  five  classes^^  with  the  more  turbid  riverine  waters 
represented  by  Roman  numerals.  It  can  be  seen  that  for  the  clear  deep  ocean 
waters  (Class  I),  the  optimum  wavelength  of  ~  470  nm,  in  the  blue  portion  of  the 
spectrum.  This  "Jerlov  Peak"  (for  transmission)  shifts  slightly  to  longer 
wavelengths  until  the  spectrum  for  Class  Hi  water  is  virtually  flat.  The  transparency 
of  the  ocean  at  various  locations  is  beyond  the  scope  of  this  paper,  but  is 
discussed  in  References  4  and  1 1 . 

Ka  appears  in  the  general  equation  which  results  from  the  ideal  geometry 
and  csm  be  written  in  terms  of  the  photons  arriving  at  a  given  pixel  from  a  target: 


hc(2n 

and  from  the  ocean 

(W)"  i 


(11) 


(12) 


(11)  and  (12)  are  written  as  being  expressions  of  signal  and  noise,  since  it 
is  customary  to  think  of  ocean  backscattering  as  noise  when  trying  to  image  a 
reflective  target  within  a  given  camera  gate.  In  the  obscuration  mode,  however, 
this  "noise"  becomes  the  signal,  as  the  target  signature  is  an  absence  of  photons 
arriving  from  the  area  subtended  by  the  target.  Thus  ^  remains  important,  as  it  is 
now  the  source  of  the  signal. 

Equations  (11)  and  (12)  are  basic,  and  variations  and  improvements  have 
been  introduced  to  radiation  transport  codes  which  take  into  account  the  effects  of 
solar  noise  (which  has  proven  to  be  less  of  a  problem  than  anticipated),  wave 
action,  and  other  effects.  The  point  to  be  made  here  is  that  to  the  first  order, 
hardware  performance  depends  on  two  intrinsic  properties  of  the  ocean;  Ka,  the 
absorption  coefficient,  and  px,  the  backscattering  coefficient  at  180°.  At  relatively 
shallow  depths  (ignoring  multiple  scattering)  the  majority  of  light  originating  at  the 
transmitter  and  returning  from  the  ocean  can  be  assumed  to  be  backscattered  at 
an  angle  of  180°.  As  seen  in  Figure  5,  Ka  is  a  strong  function  of  wavelength  for 
almost  all  open  waters. 

Figure  5  also  makes  clear  the  desirability  of  operating  at  "blue" 
wavelengths  in  deep  ocean  and  most  littoral  waters.  This  led  earlier  to  a  search  for 
a  blue  laser  for  strategic  submarine  communications,  and  an  exdmer  laser 
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concept  proposed  by  Dr.  Ralph  L.  Burnham  of  the  Naval  Research  Laboratory 
was  actually  used  successfully  in  the  "Yankee  Blue”  SLC  (Submarine  Laser 
Communications)  experiment,  although  a  later  program  "TALC"  used  an  all  solid 
state  laser  downlink  transmitter  (NdYAG)  successfully,  and  a  flashlamp  pumped 
alexandrite  laser  uplink.  The  program  then  was  held  in  abeyance,  awaiting  the 
appearance  of  a  more  reliable  all  solid  state  laser  for  operation  in  the  blue 
wavelengths.  Again,  it  should  be  noted  that  the  mature  portion  of  the  system,  the 
diode  pumped  NdYAG  laser  was  the  most  successful  of  the  transmitters  used. 

As  stated  previously,  it  has  been  difficult  to  obtain  a  reliable  laser 
transmitter  operating  in  the  blue  region  of  the  optical  spectrum  (440-480  nm).  In 
fact,  no  such  transmitter  has  yet  been  fielded.  The  diode  pumped  all  solid  state 
NdYAG  laser  has  been  deployed  extensively  for  various  applications  including 
ocean  iidar  use.  As  for  a  blue  laser,  such  a  device  has  recently  been  patented  for 
lidar  applications^.  This  laser  transmitter  represents  the  merger  of  two  mature 
technologies;  diode  pumping  of  TiSAF  laser  rods,  and  laser  pumping  of  TiSAF. 

The  claim  has  been  made  that  in  much  area  of  the  world's  oceans,  the 
water  is  Jeriov  Class  II.  A  look  at  various  mosaics  constructed  from  Nimbus 
satellite  data^^  and  Secchi  Disc  Atlas^^  support  this  claim.  The  theory  behind 
these  predictions  has  been  given  previously^s.  Typical  data  are  shown  in  Fig.  6 
and  Fig.  7  for  the  Persian  Gulf. 


Figure  6 


Figure  7 
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It  could  be  inferred  that  this  water  is  of  the  worst  quality-Class  ll-lll. 
Therefore,  it  could  be  argued  from  Figure  5  that  it  would  not  make  a  great  deal  of 
difference  what  wavelength  is  used  in  a  iidar  system.  Any  transmitter  wavelength 
operating  in  the  range  of  ~450  nm  to  550  nm  should  be  appropriate.  This 
conclusion  is  subject  to  question,  however.  Recent  Ka  measurements  made  in  the 
Persian  Gulf  by  an  imaging  Iidar  system  during  its  successful  deployment  there 
indicate  that  the  water  is  far  clearer  than  these  surface  measurements  would 
indicate.  These  results  are  shown  in  Table  I.  and  compared  with  the  Nimbus. 
CZCS  and  Secchi  results. 


The  Ka  measurements  were  taken  by  the  Iidar  system  in  the  following  way . 
The  camera  images  two  adjacent  gated  regions  underwater.  The  camera  gain 
setting  is  recorded  and  compared  with  the  gain  setting  at  an  adjacent .  As  shown 
before3>^°.  Ka  is  given  by: 


ln(G,/G,) 


(13) 


with  G  the  gain  settings,  and  d  the  gate  depth.  The  Nimbus.  CZCS  and  Secchi 
measurements  are  obtained  in  the  usual  way. 


The  possibilities  are  threefold  for  this  disagreement;  first,  that  only  the  most 
shallow  depths  are  emphasized  in  the  previous  measurements;  or  second,  these 
comments  really  pertain  to  a  narrow  angle  system,  and  that  the  relationships 
between  Kd.  Ka  and  Ks  are  not  well  understood  for  these  cases.  It  now  appears 
that  the  performance  of  ocean  lidars  may  not  be  reliably  predicted  without  direct 
measurements  by  the  Lidar  system  itself,  which  directly  measures  the  absorption 
coefficient  Ka  or  by  in  situ  measurements  of  the  extinction  coefficient,  downwelling 
irradiance  attenuation  coefficient  or  absorption  coefficient.  Finally,  the  case  of  the 
Persian  Gulf  may  be  anomalous,  because  the  completion  of  a  dam  system  on  the 
Tigris  and  Euphrates  Rivers  after  these  data  were  taken  may  have  led  to  a 
significant  decrease  in  the  amount  of  silt  carried  into  the  Persian  Gulf.  Perhaps  the 
other  types  measurements  will  be  useful  some  time  in  the  future,  but  at  present, 
they  must  be  deemed  unreliable.  In  this  case  of  the  Persian  Gulf  the  lidar 
deployed  performed  far  better  than  expected  because  of  greater  water  clarity  than 
previous  data  suggested. 


Tablet 

CZCS/Nimbus  Secchi 

Ka,  m-i  Class  III  or  worse  Class  III  or  II 


Imaging  Lidar 
~0.05  to  0.2  (class  la  to  III) 
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THE  BACKSCATTER  COEFFICIENT 

In  Eq.  (2)  of  the  previous  section,  an  expression  is  given  for  the  photons  on 
a  pixel  due  to  light  reflected  from  the  oc^an.  Part  of  this  expression  is  the  light 
"reflected”  from  the  water; 


W?  I 


(14) 


This  represents  the  light  backscattered  into  the  ICCD  camera  originating 
within  a  given  gate,  or  spatial  "slab".  The  constant  px  is  the  scattering  function  p(e) 
at  6  =  180**.  In  this  analysis  sunlight  and  multiple  scattered  light  from  the  target  is 
ignored.  Recalling  that  to  the  first  order  the  light  received  at  the  camera  of  a 
monostatic  imaging  lidar  system  is  reflected  at  180**.  it  can  be  seen  that 
knowledge  of  the  magnitude  of  px  is  very  important  for  making  accurate 
predictions  of  ocean  Lidar  performance,  px  is  related  to  the  scattering  coefficient 
by: 

m 

b  =  K^  =  jpmdca  =  2jtjfimcosedi^  (15) 

4m  0 

The  scattering  coefficient  is  the  sum  of  Rayleigh  Scatterino,  Raman 
Scattering.  Tyndall  Mattering.  Brillouin  Scattering  and  Mie  Scattering^s.  Por  the 
purest  water.  Mie  Scattering  is  negligible,  as  it  is  the  result  of  scattering  from 
dispersed  particulates. 

To  the  first  approximation  (single  scattering),  the  backscatter  from  (or 
reflectivity  per  unit  observed  area  of)  a  slab  of  ocean  water  is  given  by  the 
relationship: 


In  the  case  where  it  is  desired  to  image  in  obscuration,  and  to  optimize  the 
signal  (which  in  this  case  is  the  backscatter  from  the  water)  the  upper  (shallower) 
gate  is  taken  as  the  target  depth  and  the  lower  gate  is  taken  as  infinity.  That  is  in 
order  to  collect  all  the  ocean  backscatter  possible  for  better  contrast  with  the 
shadow,  or  obscuration  portion  of  the  image,  thus  maximizing  signal  to  noise  ratio 
for  this  way  of  observing  the  target. 

Then,  equation  (16)  becomes 
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It  should  be  noted,  however,  that  for  deeper,  larger  targets  the  px  of 
Equations  (15)  (16)  and  (17)  becomes  an  effective  pn  at  greater  depths  (~  3-4 
Ksd).  Since  ^(6)  is  maximum  (in  the  backscattering  direction)  at  6  »  180°  the 
diffuse  nature  of  the  field  at  depth  tends  to  produce  an  "effective"  pxe  since  the 
camera  now  receives  a  significant  amount  of  doubly  scattered  light  returning  from 
scattering  angles  slightly  less  than  180°  (the  Mie  back  scattering  peak),  and  with 
an  intensity  less  than  pn.  In  general,  therefore,  one  would  expect  a  wide  angle 
system  to  observe  a  larger  than  a  small  angle  system,  and  a  experimental 
measurement  with  ocean  optics  equipment  specifically  designed  to  measure  px 
observing  an  even  larger 

In  general,  oceanographers  are  not  particularly  interested  in  px-  The  light  in 
this  narrow  backscattering  cone  of  1/2°  to  1°  represents  less  than  one  part  in  10^ 
of  the  total  incident  light^^.  Data  on  p(6)  are  scarce.  The  first  published  work  was 
by  Kullenberg^^.  This  investigator  used  a  Mie  model  to  correlate  his  results.  Based 
on  other  considerations,  he  concluded  that  the  majority  of  scattering  was  due  to 
particles  larger  than  1-2  p  thus  justifying  the  Mie  model.  The  correlation  led  to  a 
very  sharp  180°  peak  and  px  niore  than  an  order  of  magnitude  higher  than  his 
nearest  measured  P(6)  for  6  =  130°.  This  result  was  subsequently  ignored, 
perhaps  because  of  the  inadequacy  of  the  Mie  model,  particularly  at  1 80°,  since 
ocean  particulate  matter  is  known  to  be  spherical.  Estimates,  for  the  most  part, 
came  from  Petzold^^,  and  Oishl^o,  and  were  simple  extrapolations  from  data  at 
smaller  angles.  There  were  no  data  available  at  180°  and  the  beam  patterns  of  the 
various  small  spot  systems  were  not  homogeneous  enough  to  permit  any 
inference  of  px. 

In  the  summer  of  1990,  extensive  tests  were  carried  out  at  CSS,  Panama 
City,  to  calibrate  the  codes.  Two  weeks  were  spent  overflying  and  imaging  various 
underwater  targets.  As  the  analysis  by  Metron  of  these  results  began  to  unfold,  a 
major  discrepancy  became  evident.  It  was  now  possible  to  infer  values  of  px  2-4 
times  greater  than  the  previous  extrapolations.  As  a  result  of  the  1990  Magic 
Lantern  results,  a  meeting  was  held  at  NOSC,  San  Diego  on  February  21, 1991  to 
discuss  the  problem.  No  conclusions  were  reached,  but  as  a  result,  Stanford 
Research  Institute  was  funded  specifically  to  make  measurements  of  px.  a  difficult 
and  challenging  experimental  task.  That  work  proceeds,  and  has  now  been 
published  in  the  open  literatures^ ;  but  a  number  of  questions  still  remains^.  Most 
recently,  an  experiment  carried  out  off  Port  Allen,  Hawaii  indicated  that  the 
enhanced  px  arises  from  Mie-like  scattering  from  particulates  in  the  waterss. 

During  imaging  lidar  tests  in  October.  1992,  a  calibrated  underwater  target 
was  imaged  by  the  ICCD  camera  lidar  receiver;  and  these  results  were  consistent 
with  ocean  backscatter  images  interpreted  on  the  basis  of  previous  radiometric 
calibrations.  The  use  of  calibrated  underwater  targets  to  obtain  px  has  been 
proposed  previouslyS^.  The  preliminary  results  are  shown  in  Table  2.  Note  that 
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using  three  different  techniques,  results  were  obtained  indicating  values  of  ^ 
significantly  greater  than  those  predicted  by  the  Petzoid  extrapolation. 


Table  2 

pn  Predicted  (Petzoid)  Integrated  Radiometric  Target  Comparison 


Pko  “2.3  Pkd  ~3Pm) 


The  designation  pxo  refers  to  the  value  extrapolated  from  Petzold^^.  The 
integrated  column  refers  to  an  assembly  of  data  fitted  to  the  most  probable  and 
the  last  two  columns  refer  to  a  statically  calibrated  camera,  and  imaging  against  a 
calibrated  target  in  the  ocean.  These  data  require  further  analysis  recalling  that 
the  pTc  measured  by  the  lidar  system  is  an  effective  px  whose  value  will  decrease 
with  increasing  depth  as  the  ambient  light  field  becomes  more  diffuse.  Obviously, 
more  data  on  p(165°-180°)  are  needed,  as  well  as  measurements  taken  in  the 
same  water  and  at  ihe  same  time. 

SEA  STATE  AND  IMAGING  LIDAR  PERFORMANCE 

It  is  obvious  that  sea  state  can  have  a  profound  effect  on  signal  to  noise 
ratio.  For  illumination  at  nadir,  the  main  problem  is  false  alarms  caused  by 
focusing  and  defocusing  taking  place  wHhin  the  first  15  or  20  feet.  There  are  ways 
of  minimizing  this  noise,  which  fall  beyond  the  scope  of  this  paper^s.  a  more 
serious  problem  is  the  attempt  to  increase  sweep  rate  by  broadening  the  swath 
area  and  increasing  the  maximum  viewing  angle  to  45**.  This  results  in  serious 
degradation  of  the  signal  due  to  shadowing,  reflection,  total  internal  reflection, 
defocusing  and  absorption. 

Table  3  is  based  on  a  smooth  ocean  nadir  signal  normalized  to  I.O;  the 
modified  Pierson-Moskowitz  wave  spectrum^^  was  used,  and  sea  states  1  and  3 
were  used  for  comparison. 

It  can  be  seen  that  any  attempt  to  use  such  a  sharp  inddence  angle  would 
lead  to  a  serious  loss  of  depth,  probability  of  detection,  and  sweep  rate.  In  the 
case  of  the  sweep  rate,  if  the  probability  of  detection  was  at  its  minimum 
permissible  level  in  a  flat  sea  at  45°  inclination,  the  minimum  permissible  angle  in 
a  state  one  sea  would  be  ~  35°.  Thus,  in  a  State  1  sea,  the  sweep  rate  would  be 
halved.  In  a  State  3  sea,  the  minimum  permissible  angle  would  be  ~  25°.  The 
sweep  rate  would  be  decreased  by  a  factor  of  between  three  and  four.  The 
computer  codes  used  to  calculate  the  numbers  quoted  in  Table  3  were  normalized 
to  data  obtained  in  previous  at  sea  tests,  using  various  off  nadir  angles  of 
inddence  in  various  sea  states. 

In  the  calculations  made  for  Table  3,  the  signal  return  at  nadir  is  arbitrarily 
set  at  1 .0  for  both  sea  states,  showing  the  strong  effect  of  sea  state  on  off  nadir 
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operation  of  all  types  of  Ildars.  The  effect  at  nadir  at  the  various  sea  states  will  be 
less  for  the  wide  area  than  the  spot  systems  because  of  a  filing  effect  from 
adjacent  regions  analogous  to  the  situation  described  in  the  first  part  of  this  paper. 


Tables 


Angle  from  vertical; 

Lidar  Transmitter  and 

Normalized  Signal 

Receiver,  deg. 

Sea  State  1 

Sea  State 

0 

1.0 

1.0 

20 

0.74 

0.62 

40 

0.33 

0.26 

60 

0.16 

0.07 

In  conclusion,  the  use  of  imaging  lidar  for  making  oceanographic 
measurements  has  led  to  two  new  discoveries,  both  important  for  the  operation  of 
ocean  Lidar  systems;  anomalously  high  and  ocean  turbidity  less  than 
anticipated  in  certain  coastal  waters. 

IMAGING  LIDAR  RECEIVERS 

Gated  intensified  CCD  cameras  serve  as  receivers  in  the  imaging  lidar 
systems  developed  at  Kaman.  These  receivers  share  a  common  basic 
configuration,  although  certain  component  variables  are  selected  to  optimize  for 
the  specifics  of  particular  applications.  An  image  intensifier  tube,  fiber  optically 
coupled  to  a  solid  state  sensor  forms  the  heart  of  the  unit  with  sensor  support 
electronics,  and  a  front  end,  imaging  optic  system  completing  the  assembly. 

The  image  sensor  is  a  high-speed  frame-transfer  CCD  of  256  x  256  format 
with  16pm  square  pixels  in  a  contiguous  (100%  fill  factor)  array.  On  -chip  pixel 
binning  (2x2  or  4x4)  can  be  easily  implemented  when  a  reduced  format  of  larger 
effective  pixels  is  sought.  The  sensor  support  electronics  includes  readout  /  timir^ 
control,  analog  signal  amplification.  8  bit  digitization  and  finally,  fiber  optic 
transmission  of  the  outgoing  video  signal. 

The  intensifier  tubes  used  in  these  Receivers  are  all  18  mm  format.  MCP 
wafer  tubes  (Gen2  or  Gen3)  with  specific  configuration  tailored  for  the  application. 
Conventional  S20  (multialkali)  photo  cathodes  (Gen2)  having  quantum 
efficiencies  at  the  system  wavelength  of  12%  to  15%  have  generally  been  used 
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although  recent  units  have  been  built  using  the  relatively  new  GaAsP  cathode 
(Gen3)  material  yielding  quantum  efficiencies  of  40%  to  50%.  When  required, 
conductive  underlays  have  been  added  to  achieve  sufficient  gating  speed; 
generally  5  to  10  nsec  tum-on  (rise-time)  is  sought. 

Where  the  application  dictates  higher  net  gain  than  offered  by  the  single 
stage  MCP  tube,  a  second  stage  (Geni)  tube  has  been  cascaded.  This  device  has 
the  added  benefit  of  providing  magnification  to  match  the  CCD's  format  to  that  of 
the  intensifier  tube.  For  the  single  stage  configurations,  the  coupling  fiber  optic  is 
tapered  to  achieve  that  desired  format  matching.  The  optimum  resolution  is 
achieved  with  the  single  stage  Gen3  configuration,  where  a  tube  point  spread 
function  (PSF)  of  50  to  60pm  (FWHM)  can  be  achieved  in  gated  operation, 
yielding  a  good  match  for  the  effective  (magnified)  sensor  array. 

The  entire  intensifier  support  electronics  have  been  packaged  in  a  single 
module  providing  the  interface  between  externally  supplied  logic  and/or  low-level 
analog  control  commands,  and  the  operating  voltage  applied  at  the  intensifier 
tube  to  achieve  desired  gate  and  gain  operation. 

Lens  systems  designed  to  maximize  F/#  (i.  e.,  collecting  aperture  given  the 
needed  focal  length)  are  used  to  form  the  object  scene  image  on  the  intensifier 
photo  cathode.  A  172  mm  F/1.9  lens  is  being  used  for  the  narrow  field 
configuration  (nominal  2.72°)  where  multiple  Receiver  fields-of-view  are 
mosaicked  to  achieve  a  large,  high  resolution  instantaneous  FOV  for  the  system.  A 
90  mm  FI  lens  has  been  selected  for  the  comparatively  wide  FOV  (nominal  6.85°) 
used  when  multiple  Receiver  FOVs  are  stacked  to  achieve  system  depth 
coverage.  For  all  cases  a  narrow  bandpass  filter  is  integrated  onto  the  front  of  the 
lens  assembly  to  provide  sunlight  background  rejection.  The  bandpass  is  located 
coincident  with  the  system  wavelength  with  width  minimized  subject  to  FOV 
constraints  (3nm  to  6  nm). 

These  and  similar  types  of  camera  systems  have  been  deployed  in 
numerous  lidar  field  tests  as  well  as  in  the  Persian  Gulf  during  Desert  Storm. 

SUMMARY 

The  introduction  of  wide  area  imaging  lidar  systems  has  revolutionized  the 
field  of  ocean  lidar  surveillance.  The  concepts  described  herein  have  been 
reduced  to  practice  in  the  field,  including  a  successful  wartime  deployment.  In 
addition,  a  number  of  phenomena  not  fully  understood  have  been  observed. 
Eventual  understanding  of  these  effects  can  significantly  influence  the 
performance  of  future  imaging  ocean  lidar  systems. 
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ABSTRACT 


A  Sea  Tech  single  wavelength  (488  nm)  absorption  meter  (known  as  the  "a-meter")  has  been  deployed  in  the  Florida  Straits  and 
in  the  open  ocean  near  Kauai.  The  instrument  has  been  evaluated  to  assess  its  performance  in  measuring  the  diffuse  attenuaticm 
coefficient  (K^  so  that  the  numerous  problems  associated  widi  traditional  K„  measurements  can  be  avoided.  (Traditionally,  one 
measures  downwelling  irradiance,  which  requires  daylight  and  suffers  from  the  effects  of  clouds,  ship  shadowing,  instrument 
tilting,  surface  wave  focussing,  and  Raman  transpectral  scattering.)  The  main  result  of  this  evaluation  b  that  the  a-meter 
generally  provided  profiles  that  agreed  with  traditional  profiles  to  within  about  0.0031/taii,  and  the  instrument  did  not 
suffer  fkom  any  of  the  problems  of  irradiance  measurements.  It  did,  however,  require  the  use  of  knowledgeable  deployment, 
maintenance,  and  calibration  techniques  and  the  use  of  essential  supporting  measurements  in  order  to  obtain  this  degree  of 
accuracy.  This  paper  describes  these  aspects  of  how  to  effectively  use  the  a-meter  and  inovides  representative  examples  of 
simultaneous  traditional  profiles. 

1.  INTRODUCTION 

In  studies  of  ocean  optics  we  frequently  need  to  measure  the  diffuse  attenuation  coefficient,  defined  as 

K,(X,z)  -  .(l/E4)(dEydz)  (1), 

where  Ed(k,z)  is  the  depth  profile  at  a  given  wavelength  of  downwelling  solar  irradiance.  Therefore,  this  parameter  can  only  be 
measured  during  dayli^t,  and  it  suffers  from  fluctuations  in  the  light  caused  by  the  effects  of  clouds,  ship  shadowing,  instrument 
tilting,  surface  wave  focussing,  and  Ranuui  transpectral  scattering  (Reference  1).  Various  investigators  have  sought  to  make 
equivalent  measurements  using  artificial  light  sources  in  order  to  avoid  the  problems  associated  with  ambient  light,  and  in  order 
to  measure  K,,  at  night.  For  example.  Honey  (Reference  2)  estimated  by  using  an  sensor  that  was  successively  raised  and 
lowered  in  depth  relative  to  an  underwater  strobe  light  That  method  requires  good  alignment  between  source  and  receiver,  as 
well  as  highly  accurate  measurements  of  relative  separation  distances  (R)  to  account  for  the  1/R^  light  loss.  A  more  robust 
approach  was  developed  by  Zlaneveld  (Reference  3) ,  who  used  a  modified  beam  transmissometer.  In  his  device  a  collimated  li^t 
beiun  is  surrounded  by  a  reflecting  tube  so  that  most  of  dte  light  scattered  out  of  the  beam  is  reflected  back  into  the  detector  at 
the  end  of  the  tube.  Therefore,  to  a  good  approximation,  the  only  loss  in  light  is  due  to  absorption  and  to  backscattered  light 
Thus  this  "absorption  meter"  (referred  to  hereafter  as  the  a-meter)  is  really  designed  to  measure  a  b^  (References  3  and  4),  where 
a  is  absorption  and  b,,  is  that  portion  of  scattering  that  occurs  in  the  backward  hemisphere,  defined  as 

bfc  -  2ii  r*  p(0)  sin6  d0  (2). 

The  instrument  has  also  been  referred  to  as  a  K-meter  because 

Kd  •  «  +  bi>  (3). 

(References  4  aiKl  5).  This  device  has  been  improved  and  sold  commercially  by  Sea  Tech,  Inc. 

The  Applied  Physics  Laboratory  (APL)  purchased  a  Sea  Tech  single  wavelength  (488  nm)  absorption  meter,  and  we  have  deployed 
it  in  two  field  tests  to  date:  in  the  Florida  Straits  (January  1993)  and  in  the  (^n  ocean  near  Kauai  (March  1993).  The  instrument 
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has  been  evaluated  to  assess  its  performance  in  measuring  the  diffuse  attenuation  coefficient  (KJ  so  that  the  numerous  problems 
associated  with  traditional  measurements  can  be  avoided.  The  main  result  of  this  evaluation  is  that  in  the  March  test  the 
a-meter  generally  provided  profiles  that  agreed  with  traditional  profiles  to  within  about  0.0(l3/nii,  and  the  instrument 
did  not  suffer  firom  any  of  the  problems  of  irradiance  measurements.  It  did,  however,  require  the  use  of  knowledgeable 
deployment,  maintenance,  and  calibration  techniques  and  the  use  of  essential  supporting  measurements  in  order  to  obtain  this 
degree  of  accuracy.  (Reference  4  describes  maintenance  and  deployment  techniques.)  >^^th  regard  to  the  supporting 
measurements,  one  must  obtain  a  concurrent  profile  of  the  total  beam  attenuation  coefficient  (c),  and  c  should  be  accurate  to 
»  0.0 1/m  because  the  raw  a-meter  output  has  a  component  that  depends  on  c  and  therefore  must  be  removed.  Second,  an  at-sea 
calilvation  technique  is  needed,  such  as  the  distilled  water  reservoir/pumping  system  used  in  our  field  tests.'  This  calibration  is 
needed  because  the  instrument’s  calibration  can  change  with  time,  especi^ly  if  it  has  to  be  opened  for  repairs.  Finally,  to  obtain 
high  quality  profiles,  one  needs  to  carefully  screen  the  raw  data  for  measurement  artifacts.  The  presence  of  bubbles  in  the  sensing 
volume  will  greatly  distort  the  measurements,  and  this  condition  is  frequently  encountered  within  the  first  five  minutes  after  the 
instrument  has  been  lowered  into  the  water.  (An  experienced  usa  will  monitor  the  sensor’s  output  before  lowering  the  instrument 
beyond  a  few  meters  depth.)  Furthermore,  as  shown  in  Figure  1,  sporadic  large  noise  spikes  also  occur  during  a  profile,  and  these 
need  to  be  removed  in  post-cast  processing.  (These  spikes  may  be  caused  by  the  passage  of  bubbles  or  relatively  lar^  particles, 
fish  larvae,  etc.  through  the  sensor.)  One  should  also  carefully  examine  the  unedited  c-meter  and  P(170°)  profile  to  verify  that 
there  are  no  corresponding  spikes  in  those  sensors  because  the  i»esence  of  such  spikes  in  the  c-meter  and  p(170°)  profiles  would 
imply  that  the  spikes  are  real  features,  not  noise. 


2.  OBJECTIVES 

The  main  objective  of  this  paper  is  to  show  that  the  Sea  Tech  a-meter  is  generally  ctqyable  of  providing  highly  accurate  profiles 
(good  to  ~  j^.003/m)  of  both  at  night  and  during  the  day.  A  second  objective  is  to  describe  what  a  user  needs  to  do  to  achieve 
this  degree  of  accuracy.  The  Appendix  provides  additional  information  on  how  to  perform  at-sea  calibrations  without  having  a 
pure  water  pumping  system,  and  it  describes  the  sensitivity  of  a-meta-  data  to  the  accuracy  of  the  calibrations. 


3.  INSTRUMENTATION 

The  data  described  in  this  paper  come  from  the  Optical  Profila  System  (OPS).  The  OPS  consists  of  a  suite  of  instruments:  a 
Biospherical  Instruments  M0I1O48,  a  Sea-Bird  conductivity/temperature/depth  (CTD),  a  Sea  Tech  absorption  maa,  a  beam 
transmissomaa.  a  170°  backscata  sensor  (hereafta  refetied  to  as  the  3(170°)  sensa),  and  a  fluoromaa.  (The  last  three 
instruments  were  designed  and  built  a  APL.)  The  MER1048  contans  sensors  tha  measure  downwelling  and  upwelling  irradiatKe 
(Bj  and  E,,  respectively)  a  the  following  wavelengths:  410,  441,  475.  488,  507,  540,  570,  and  589  nm.  It  also  contains  sensors 
that  measure  upwelling  radiance  (LJ  a  the  same  wavelengths.  The  E,,  and  E^  sensors  have  a  cosine  corrected  acrylic  plastic 
diff'user/collector,  and  the  sensors  have  a  field  of  view  defined  by  8  Gershun  Tube  elements  having  anti-reflection  baffles  and 
a  10.2°  half  angle  field  of  view.  The  half  power  bandwidth  is  10  nm  over  a  temperaure  range  of  0  to  30°  C.  The  spectral  stability 
over  this  same  temperaure  range  is  2  nm.  The  response  to  light  mote  than  100  nm  outside  a  sensor’s  passband  is  one  part  per 
million  relative  to  the  peak  response.  All  sensors  are  calibrated  using  a  spectral  irradiance  standard  tha  is  traceable  to  the  National 
Bureau  of  Standards.  Dynamic  range  is  12  bits  and  sensor  time  constants  are  0.1  s. 

The  MER1048  also  includes  a  built-in  depth  sensor  which  is  operational  to  a  dq)th  of  200  m  and  which  has  a  total  error  less  than 
0.25%  of  full  scale.  The  typical  resolution  is  0.1  m.  A  built-in  2-axis  tilt  sensor  suite  provides  data  on  instrument  orientation.  The 


'  As  briefly  described  in  Reference  4,  the  water  calibration  involves  a  distilled  (or  preferably  reverse  osmosis  filtered)  water 
reservoir,  that  is  continuously  filtered  through  a  coarse  filter  followed  by  a  0.2  filter.  The  pump  must  have  a  magn^c  clutch 
to  avoid  oils  getting  into  the  water.  As  described  in  Appendix  1,  tte  APL  system  was  able  to  provide  water  that  was  measurably 
cleaner  than  the  deepest,  clearest  water  off  Kauai,  which  had  »  0.028/m  and  c  ■>  0.035/m.  For  pure  sea  water.  K,,  ••  0.0217/m 
and  c  -  0.023/m. 
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OPS  has  ports  for  connectioa  of  external  sensors,  which  include  the  beam  transmissometer,  the  0(170°)  sensor,  and  the 
fluorometer.  IWo  FSK  ports  receive  frequency-encoded  data  from  the  Sea-Bird  temperature  and  conductivity  sensors. 


Another  external  port  is  used  to  power  the  absorption  meter  data,  and  the  data  finom  the  absorption  meter  is  sent  directly  to  the 
MER’s  deck  box  (via  RS48S)  where  it  is  appended  to  the  MER’s  serial  data  stream  before  it  is  sent  into  the  topside  computer. 
The  a-meter  uses  its  own  internal  light  source  and  therefore  is  useful  either  at  night  or  during  the  day.  The  daytime  K.,  profiles, 
computed  directly  from  the  OPS  488  nm  downwelling  irradiance  sensor,  were  used  to  ground  trutii  the  a-nteter  profiles. 

Two  different  fluorometers  were  used  with  the  OPS,  but  only  one  gave  sufficiently  stable  profiles  to  use  as  an  independent 
comparison  with  the  a-meter.  A  limited  number  of  tiiese  stable  sensor  profiles  are  available  to  provide  an  indqrendent  comparison 
with  the  a-meter  profiles. 

4.  DESCRIPTION  OF  DATA 

As  discussed  in  the  previous  section,  in  order  to  ensure  the  accurate  measurement  of  K^,  more  titan  one  irtstniment  was  used  when 
possible.  This  section  describes  representative  comparisons  between  these  instruments.  (Another  paper  in  these  proceedings 
describes  the  comparison  between  the  APL  3(170°)  backscatter  device  and  the  SRI  3(n)  backscatter  ittstrument.)  was 
determined  by  several  independent  means,  including  K,,  computed  from  downwelling  irradiattce  (sunlight)  (Hofiles,  from  K,, 
estimated  using  the  Sea  Tech  a-meter,  and  from  computed  firom  the  fluorometer. 

A  detailed  analysis  of  the  a-n<eter  data  is  provided  in  Reference  6.  The  results  were  that  the  a-meter  generally  provided  profiles 
that  agreed  with  traditional  irradiance  K,,  profiles  to  witiiin  itixxit  0.003/m,  aixl  the  instrument  did  not  suffer  fnnn  any  of  the 
problems  of  irradiance  measurements.  Typical  compariscms  between  average^  profiles  obtained  from  K,,  derived  from  iiradiatKe 
and  the  a-meter  are  shown  by  the  solid  lines  in  Figure  2.  In  some  cases  (as  in  Figure  2b),  the  two  methods  gave  essentially 
identical  results,  and  in  other  cases  (as  in  Figure  2a),  tiiere  was  an  offset  between  the  two  methods  of  <  0.003/m.  In  the  latter 
case,  the  a-meter  profile  also  had  a  smaller  sub-surface  maximum  than  the  K„  profile,  but  the  accuracy  of  the  latter  is  suspect 
because  the  peak  occurs  at  a  depth  of  150  m  where  light  levels  are  approaching  the  system  noise  level  for  the  irradiance  detectors. 
(The  Figure  2b  dau  also  show  a  consistent  offset  below  ttirout  130  m.) 

The  dashed  lines  in  Figure  2  show  the  degree  of  agreement  that  can  be  achieved  between  the  and  a-meter  profiles  if  the  latter 
are  "empirically  corrected."  The  first  correction  me|hod  is  to  compute  a  linear  least  squares  fit  between  the  two  mean  profiles 
and  then  to  apply  that  mean  fit  to  the  a-meter  profile.  For  example,  tiie  Figure  2a  fit  ir^icates  that  the  original  a-meter  data  be 
multiplied  by  1.42  (essentially  this  is  the  same  as  applying  a  gain  factor  conection  to  die  data)  and  then  to  subtract  0.(X)8S/m  (an 
offset  conection).  The  linear  least  squares  fit  computed  for  tiie  Figure  2b  data,  which  agree  very  well  without  a  correction,  gives 
a  gain  factor  of  0.85  and  an  offset  of  •i0.0041/m.  Fits  to  six  other  sets  of  average  profiles  show  a  range  of  gains  ftran  0.85  to  1.42, 
with  offsets  ranging  from  -0.0085  to  40.008S/m.  In  each  case,  gains  less  than  1 .0  have  positive  offsets,  and  vice  versa.  The  wide 
variability  in  these  coefficients  is  an  indication  of  the  lack  of  statistical  reliability  in  the  fits.  It  turns  out  that  the  a-meter  data 
can  generally  be  corrected  just  as  well  (and  in  a  less  complicated  way)  using  a  simple  DC  offset  (K„  -a)  that  ranges  from  -0.0035 
to  >0.0055  /m.  In  Figure  2,  the  result  of  sillying  this  mean  offset  to  the  a-meter  profile  is  shown  by  die  profiles  with  die  short, 
thin  lines,  and  die  result  of  applying  the  linear  least  squares  fit  is  shown  by  the  thicker  dashed  lines.  In  general,  these  two 
correction  schemes  gave  almost  identical  results,  as  shown  here. 

It  is  tempting  to  attribute  the  DC  offset  between  the  a-meter  and  the  profile  to  die  sun  angle  effects  predicted  by  Kirk 
(Reference  7).  That  is,  when  the  sun  is  not  at  zenith,  the  effective  pathlengdi  of  sunlight  is  increased  by  a  small  amount,  thereby 
increasing  K„  from  its  zenith  value.  The  data  shown  in  Figure  2a  conw  firom  early  to  mid-moniing,  whereas  those  in  Figure  2b 
data  come  from  neater  to  midday.  Therefore  Kirk’s  analysis  would  predict  that  I^  will  be  biased  slighdy  hi^  in  2a  conqiaied 
to  2b,  and  that  is  exactly  what  we  observe.  Althou^  diis  argument  seems  plausible,  it  can  not  account  for  the  negative  biases  (up 


^  The  data  in  each  figure  were  all  gathoed  at  one  location,  and  diete  was  generally  little  temporal  variability  during  this  test 
The  purpose  for  using  average  profiles,  instead  of  individual  ones,  is  to  increase  the  statistical  accuracy  in  die  profiles,  which 
tend  to  be  noisy  due  to  the  effects  of  instrument  tilt,  sunlight  fluctuations,  etc. 
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to  -0.003S  /m)  that  were  also  observed  when  the  sun  was  not  at  zenidt.  As  discussed  further  below,  die  biases  seem  more  related 
to  the  a-meter  ouQ>ut  than  to  sun  angle  effects,  and  there  is  even  some  evidence  that  drifts  in  the  c-meter  may  affect  die  values 
of  K j  computed  from  the  a-meter. 

As  mentioned  above,  special  care  was  taken  with  the  a-meter  in  the  areas  of  maintenance  and  calibration.  Nevertheless,  the  unit 
we  were  using  still  occasionally  exhibited  unexplained  drifts,  as  illustrated  in  Figure  3.  Here  the  irradiance-derived  profiles 
exhibit  no  temporal  variability,  but  the  a-meter  ^ta  seem  to  wander  around  by  as  much  as  0.01/m  over  a  five  hour  period.  (The 
data  are  only  shown  for  a  portion  of  this  period  because  the  later  profiles  were  acquired  after  sunset.  Although  some  of  the 
variability  in  the  a-meter  data  after  16:34  could  be  real,  the  suspicious  drift  between  16:09  and  16:34  casts  doubt  on  the  absolute 
accuracy  of  the  subsequent  profiles.)  This  problem  was  eventually  traced  to  a  brcAen  wire,  but  it  serves  to  illustrate  the  value 
in  making  independent  measurements  of  key  parameters. 

During  this  field  test  the  a-meter  was  found  to  consistently  measure  the  structure  of  the  K,,  profile,  although  as  discussed  above 
DC  offsets  of  up  to  about  ^.OOS/m  were  needed  to  obtain  agreement  in  absolute  values.  Some  of  these  offsets  could  have  been 
the  fault  of  DC  drifts  in  the  c-meter  profiles,  because  the  "corrected"  a-meter  profiles  are  obtained  via  the  following  equation 
provided  in  Reference  3: 


(a,-F. 

ac -  (4). 

(1-F) 

where  F  is  an  empirical  correction  factor,  nominally  0.14,  and  a,  is  the  raw  (but  temperature  compensated)  absorption  value 
computed  from  the  a-meter  data.  This  equation  indicates  that  if  c  increases  by  ~  0.01/m,  then  a^  d&rreases  by  ~  0.(X)lS/m.  As 
illustrated  in  Figure  4,  occasions  did  occur  where  the  raw  a-meter  fsofiles  were  essentially  identical,  but  the  corrected  ones  had 
a  DC  offset,  due  entirely  to  the  change  in  the  c  meter  profiles.  If  the  increase  in  c  were  real  in  these  profiles,  it  would  be 
reasonable  to  expect  a  to  increase  also,  whereas  the  opposite  tqipears  to  be  true  here.  These  results  suggest  that  the  c  meter  data 
may  also  be  subject  to  E>C  changes  of  up  to  ~  0.01/m. 

Another  standard  way  to  obtain  is  to  use  a  fluorometer  (which  contains  a  li^t  source  designed  to  induce  florescence  in  ambient 
pigments)  and  to  calibrate  it  in  terms  of  total  chlorophyll  pigment  content.^  One  then  typically  uses  either  the  Gonkm-Morel 
empirical  regression  (Reference  8),  or  the  Smith-Baker  empirical  fit  (Reference  9),  to  convert  the  chlort^yll  concentration  profile 
to  a  Kj  490  nm  profile.  (In  practice,  if  one  has  sufficient  simultanemis  measurements  of  and  of  chlorophyll  concentration,  then 
a  regression  can  be  computed  that  best  fits  the  data  at  hand,  thus  removing  some  of  die  uncertainty  of  using  the  published  fits 
from  other  ocean  data  sets.)  The  main  advantage  of  fluorometer  profiles  is  that  they  can  be  used  at  night  as  well  as  during  the 
day.  The  disadvantages  are  1)  the  need  for  obtaining  bottle  samples,  2)  die  labor  involved  in  processing  them,  and  3)  the  need 
for  two  sets  of  regressimis  (converting  from  florescence  to  chlmophyll,  then  to  K^.)  If  we  do  not  care  about  chlorophyll 
concentrations,  these  disadvantages  can  be  avoided  by  directly  regressing  the  raw  fluorometer  voltages  against  the  corresponding 
irradiance-derived  K^.  We  can  then  tqiply  this  regression  to  subsequent  fluorometer  profiles,  and  we  can  use  these  profiles  as 
anodier  validity  check  on  the  a-meter  profiles.^ 

This  iqiproach  was  ^lied  to  data  obtained  on  Test  Day  12,  and  d»  results  for  two  typical  sets  of  simultaneous  profiles  are 
shown  in  Figure  S.  All  three  methods  of  measuring  give  essentially  the  same  profile.  The  main  difference  is  that  the 


’  Bottle  samples  are  obtained  at  various  depths  and  chlmophyll  extraction  and  measurement  techniques  are  then  applied  to 
these  samples.  One  obtains  a  measure  of  the  concentrations  of  chlorc^yll  a  and  of  phaeo[d)ytin,  and  their  sum  is  what  is  used 
to  infer  K^. 

*  With  this  methodology,  the  flumtMneter  data  become  linlmd  to  the  irradiance-derived  data,  and  they  do  not  provide  a 
completely  independent  comparison  to  the  a-meter  data.  However,  the  fluorometer  has  the  advantage  that  it  does  not  suffer  from 
cloud  contamiiuition,  surface  wave  focussing,  ship's  shadow,  etc.,  so  by  calibrating  it  with  a  "good"  profile,  we  have  a  more 
reliable  sensm*  for  use  on  subsequent  casts,  inclu^g  those  performed  at  night 
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fluorometer-derived  profile  has  a  narrower  sub-surface  maximum  than  the  sunlight-derived  profile,  so  that  between  120  and 
170  m  depth  the  latter  is  consistently  higher.  A  careful  examination  of  the  fluorometer  data  shows  that  the  narrower  peak  is  caused 
by  a  change  in  the  relationship  between  fluorometer  volume  and  K„  that  occurs  below  120  m.  As  shown  in  Figure  6,  a  single  linear 
least  squares  fit  (indicated  here  by  the  dashed  line)  is  not  really  appropriate  over  the  full  dqrth  range  of  our  profiles.  The  most 
reasonable  explanation  is  that  as  dqrth  increases,  the  contribution  of  phaeophytin  relative  to  chlorophyll  is  increasing,  and  it  is 
well  known  that  the  florescence  of  phaeophytin  is  much  town  dian  it  is  for  chlorophyll. 


5.  CONCLUSIONS 

Despite  our  careful  attention  to  sensor  calibrations  and  cleaning,  we  still  have  several  uiuesolved  questions  relating  the 
performance  of  the  a-meter.  During  the  March  test,  absolute  zero  changes  occurred  (~  0.005/m)  on  at  least  two  different  occasions. 
Also,  even  when  we  used  a  constant  set  of  calibration  constants,  it  was  possible  to  obtain  an  average  a  profile  greater  than  the 
average  K,,  profile  in  the  morning,  and  then  to  have  the  reverse  happen  in  the  afternoon.  (The  differences  were  ~  ^.003/m). 
Eiuring  the  January  test,  in  order  to  obtain  good  s^reement  b^ween  the  a-meter  and  K,|  profiles,  we  had  to  use  either  an 
abnormally  high  c-meter  correction  factor,  or  else  we  had  to  use  a  pure  water  calibration  factor  below  the  measured  value.  Further 
study  of  these  anomalies  is  needed  to  more  fully  characterize  the  capabilities  and  limitations  of  this  instrument. 
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APPENDIX 


WATER  CALIBRATION  RATIO  (WCR)  RELATIONSHIPS 


1.  How  to  Correct  In-situ  Water  Calibration  Ratios  to  Pure  Water  Values 


This  appendix  describes  how  a  WCR  value  measured  in  ocean  water  can  be  corrected  to  reflect  the  value  associated  with 
pure  sea  water,  and  it  describes  the  sensitivity  of  the  a-meter  measurements  to  small  changes  (or  emn^)  in  the  WCR.  Ideally,  one 
wants  to  use  pure  water  to  obtain  the  Water  Calibration  Ratio  (WCR).  For  impure  water,  one  can  apply  the  following  correction. 

V.ig  -  Vv^r  e-  ^  ,  where 

is  the  measured  voltage  at  the  signal  output,  V„  is  the  voltage  that  would  be  measured  in  pure  water,  is  the  attenuation 
coefficient  for  pure  water,  and  L  is  the  pathlength  (in  meters)  of  tl»  a-meter.  The  WCR.  which  is  ,  will  also  be  decreased 

by  For  -  0.03/m  and  L  -  25  cm,  and  using  the  pure  water  value  of  -  0.0217,  then  is  attenuated  by: 

V  _  V  «-<•“  ■ 

-  0.998  V. 

This  result  also  means  that  the  WCR  is  0.998  times  the  true  value,  so  if  the  measured  WCR  value  at  K,,  -  0.03/m  is  0.7623,  then 
the  corrected  WCR  @  K,,  -  0.0217/m  is  0.7638.  As  shown  in  the  following  derivation,  this  correction  leads  to  an  increase  in  die 
corrected  a-meter  reading  of  0.(X)9/m,  which  is  a  30%  correction  when  -  0.03/m. 


2.  Effect  on  Absorption  Meter  Measurements  of  Changing  Water  Calibration  Ratios 


y 

Let  CR  -  corrected  signal  ratio  -  -rr — tvn/'tnT  w  •  where  KR  is  the  temperature 

''tef  +  ''i«f(AK(zU-l,^)) 

coefficient  of  the  a-meter,  which  was  measured  at  Sea  Tech  to  be  0.0003S/*’C.  Also,  let  CF  calibration  factor  - 
Tiheo !  WCR  ,  where  T^^  is  the  transmissivity  of  pure  water  (Tj^eo  "  0-9950). 


Then  a,  -  -41n  (CR*CF) 

-  -4[ln(CR)  +  ln(CF)] 

-  -4[ln(CR)  +  ln(Theo)  -  In  (WCR)] 
a,  -  -4{ln(CR  x  Theo)  -  ln(WCR)}. 


Now  if  we  change  to  a  new  WCR  (call  it  WCR')  then 


a,'  -  a,  -  4  ln(WCR)  +  4  ln(WCR').  or  a,'  -  a,  -  4  In  (^|^).  and 


a,' 


a,  +  4  In  ( 


WCR' 

WCR^ 


For  example,  if  WCR'  -  0.7619  and  WCR  -  0.7591,  then  a,'  -  a,  -  0.015/m. 

To  determine  a  similar  relationship  for  the  "crxrected"  a  value,  denoted  a^ ,  recall 

ac  -  •  TherefOTe, 

a,  -  (a.Xl-F)  +  Fc  (1) 
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Now  one  can  use  the  relati(»sh4>  derived  above  for  i^'  to  obtain  a^* : 


a,  +  4  In  (, 


,WCR' 


WCR 


) 


wr*p' 

[a,  +  41n(-^)l-Fc 


a,-(ae‘Xl-F)  +  Fc-41n(  ) 


(2) 


Subtracting  (2)  firtnn  (1)  yields 


WCR'  I  I 

Note:  (  is  generally  «  1,  and  In  (1+x)  -  x  for  lx  I  «1.  Tberefore 

wen* 

ac‘-a.+4((^|-)-l  J/(1.F). 

3.  Tsmooral  Stability  of  the  Water  Calibrati<M  Ratio 

Sea  Ibcb  has  said  diat  it  is  normal  few  die  efficiency  of  the  reflecting  tube  in  the  a-meter  to  decrease  widi  time  such  diat 
the  WCR  decreases  by  ~  0.01  over  6  mondis.  We  peifonned  a  crude  check  on  this  degradation  by  measuring  die  change  in  the 
ratio  over  the  12  days  of  die  March  1993  sea  test  The  results  suggest  that  this  ratio  decreased  from  ~  0.761  to  >4).7SS 

over  this  period  of  intense  usage,  and  diis  rate  implies  a  change  much  greater  than  0.01  over  a  6  mondi  period.  On  die  other  hand, 
between  August  1992  and  June  19S13  the  WCR  changed  by  about  0.01.  More  data  are  needed  to  detennine  how  die  combinatkm 
of  time  and  usage  affect  die  rate  of  decay  of  die  WCR. 


Figure  1.  Examine  of  Unedited  a  Meter  Profile.  The  spikes  at  IS,  9S,  and  1 10  m  af^xar  to  be  instrument  noise  and  such 
features  ate  routinely  cut  out  of  the  profiles  before  tqiplying  a  10  m  vertical  low  pass  filter. 
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Atten  Coef  (/m) 


m=1.42,b  =  0.008S/m 
offset  =  0.003fm 


Atten  Coef  (/m) 


m  =  0.85,  b  =  0.004/m 
offset  =  0  0013/in 


K(j490' 
a-meter  < 


K  =  ma  +  b,  —  —  — — 
K  =  a  +  offset, — - - 


Day  3:  6  K  profiles,  12  a-meter  profiles 
(8:11-10:18  &  5:04-10:18) 


Day  1 1 :  6  K  profiles,  6  a-meter  profiles 
(10:14-12:18:58  HST) 


Figure  2.  Mean  a-meter  Profiles  having  (a)  Lower  and  (b)  Same  Mean  Values  Compared  to  Profiles.  Data  from  Mid- 

March  1993.  Dashed  lines  are  fits  to  K,,  data  using  a-meter  data. 
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Figure  3. 


. 


Profiles  Exhibiting  Unexplained  DC  Shifts  in  the  a-meter  Data.  Note  that  the  IQ  Profiles  do  not  show  the  DC 
shifts  exhibited  by  the  a-meter  between  the  casts  at  16:09  and  16:34. 
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Depth  (m) 


Figure  4. 


Figure  S. 


Profiles  Showing  How  the  c-Qnrection  (Eqn.  4)  Can  Introduce  Biases  Between  a-meter  Profiles  that  Otherwise 
Had  Similar  Readings.  (See  data  betw^  80  and  120  m  depth.) 


Comparisons  Among  a-meter  Profiles,  Profiles  Inferred  from  Fluorometer  Data,  and  Computed  from 
Sunlight. 
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Fluorometer  (Volts) 


Figure  6. 


K(j  488  from  irradlance  (/m) 


Plot  of  Raw  Fluorometer  Voltage  Versus  Sunlight-Derived  Kj.  Note  the  change  in  slope  below  120  m  depth. 
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A  photometer  for  the  continuous  measurement  of  Calcite-dependent  light  scatter  in  seawater 

Katherine  A.  Kilpatrick,  William  M.  Balch 
University  of  Miami,  Rosenstiel  School  for  Marine  and  Atmospheric  Science, 

Miami,  Hoiida  33149 
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ABSTRACT 

Biogenically-produced  calcite  represents  a  significant  source  of  light  scatter  in  the  ocean,  poorly 
defined  in  space  and  time.  One  reason  for  this  lack  of  observations  is  that  standard  shipboard 
techniques  for  measuring  light  scatter  are  slow  and  labor  intensive.  We  describe  an  automated 
photometer  for  measuring  9^  light  scatter  due  to  calcite  on  time  scales  as  short  as  a  minute.  Raw 
seawater  continuously  flows  through  a  1  mL  glass  cuvette  illuminated  by  a  helium-neon  laser.  A 
photodiode  is  used  to  measure  the  90°  light  scatter  of  particles  in  the  incident  beam.  During  each 
sampling  interval,  a  calibrated  addition  of  weak  acid  lowers  the  seawater  pH  to  dissolve  the  calcite 
and  another  90°  light  scatter  measurement  is  made.  Standard  curves  are  prepared  using  calcium 
carbonate  coccoliths  from  the  coccolithophore  Emiliama  huxleyi .  The  relationships  between  acid- 
labile  light  scatter  and  coccolith  abundance  give  an  r^  of  0.96-0.99.  The  light  scatter  photometer  is 
coupled  to  a  fluorometer,  temperature  and  salinity  probe  to  relate  the  suspended  calcite 
concentration  to  algal  distributions  and  hydrography.  We  show  some  examples  of  its  performance 
at  sea. 


1.1NTRQDUCTIQN 

In  recent  years,  there  has  been  much  interest  in  the  phenomenon  of  mesoscale  coccolithophore 
blooms.  These  blooms  increase  the  visible  reflectance  of  seawater  from  2-5%  to  values  as  high  as 
25%.  The  spectral  effect  of  these  blooms  results  in  a  color  change  of  the  water  from  blue  to  a 
turquoise.  Sightings  of  this  condition  have  been  noted  as  "whitings"  in  ship's  logs  from  around 
the  worlds  Many  of  these  white  water  blooms  have  been  reported  to  be  predominantly 
composed  of  the  coccolithophorid  Emiliama  huxleyi  ^  but  can  also  be  caused  by  other 
coccolithophore  species^  The  coccolithophoridae  order  of  phytoplankton  are  covered  with  calcium 
carbonate  scales  (coccoliths)  which  can  dramatically  affect  die  shape  and  magnitude  of  the  volume 
scattering  function.  In  blooms  of  coccolithophoies,  as  much  as  75%  of  the  total  backscatter  is  due 
to  calcite  coccoliths^.  Our  estimates  suggest  that  even  in  non-bloom  conditions  calcite  may 
represent  10-20%  of  the  total  backscatter.  Backscatter  due  to  these  calcite  particles  dramatically 
ct^ges  ocean  reflectance  as  seen  by  remote  soising  ocean  color  satellites. 

The  impact  of  calcite  on  the  backscattering  coeffleient  has  been  assessed  by  measurement  of  the 
volume  scattering  function  before  and  after  dissolution  of  the  calcite  particles  *.  This  measurement 
is  extremely  tedious  to  perform,  which  limits  sample  frequency.  We  report  here  the  development 
of  an  automated  flow  thru  90°  light  scatter  instrument  which  can  be  calibrated  to  the  coccolith 
concentration. 


2.  OPTICAL  INSTRUMENT  DESIGN 

The  scattering  meter  uses  a  5mW  CW  He-Ne  laser  at  632.8nm  as  the  light  source  (Fig.  1).  Light 
from  the  laser  passes  through  a  glass  beam  splitter  which  sends  a  portion  of  the  light  (4%)  to  a  10 
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mm^  silicon  photodiode(  Melles  Griot  13DSI007)  which  is  used  to  monitor  the  laser  power.  The 
remaining  light  travels  thru  a  lens  which  focuses  the  beam  on  a  1  cm  glass  cuvette.  The  light 
scattered  to  90°  is  collected  by  a  plano-convex  25.4  mm  focal  length  lens  which  focuses  the  light 
onto  another  photodiode  detector  (Melles  Griot  13DSI(X}7).  This  geometry  gives  a  full  acceptance 
angle  of  22  degrees.  Each  of  these  detectors  have  independent  gain  adjustments.  Voltage  from 
each  diode  is  passed  to  a  pre-amp  and  ampUHer  and  the  analog  signal  from  each  is  converted  to 
digital  form  by  a  16  bit  A/D  board  in  the  computer  controller  (286  PC).  The  sigrud  detector 
voltage  is  divided  by  the  laser  monitor  voltage  to  compensate  for  any  changes  in  laser  power 
during  sampling. 


3.  DATA  ACQUISITION 

The  instrument  was  fitted  with  a  microvolume  0.5  ml  rectangular  flow  thru  cuvette.  A  small  glass 
mixing  coil  was  placed  on  the  bottom  entry  port  of  the  cuvette.  Seawater  was  continuously  pulled 
thru  the  system  by  a  peristaltic  pump  at  1 1.6  ml  per  minute  resulting  in  a  10  second  turnover  time 
of  water  in  the  cuvette.  It  is  important  that  the  sample  be  pulled  rather  than  pushed  thru  the  system 
because  the  delicate  cells  and  particles  can  be  damaged  as  they  pass  over  the  pump  head, 
dramatically  changing  the  shape  and  hence  the  optical  characteristics.  Every  minute  for  a  30 
second  duration  a  second  peristaltic  pump  was  activated  injecting  0.3  %  glacial  acetic  acid  at  a  rate 
of  0.23  mL  per  minute  upstream  of  the  mixing  coil,  into  &e  stream  line,  dropping  the  pH  to  5.8. 
As  the  acidified  sample  passed  around  the  mixing  coil,  calcite  in  the  sample  dissolved.  Previous 
lab  results  have  demonstrated  that  a  pH  of  5.8  was  not  low  enough  to  damage  the  cultured 
phytoplankton  cells  on  this  time  scale  (unpublished  data.).  The  amount  of  light  scatter  before  and 
after  Ae  addition  of  the  acid  was  recorded.  If  calcite  was  present  in  the  sample  then  the  90°  light 
scatter  was  greater  in  the  non-acidified  (calcite  present)  than  the  acidiEed  (crdcite  dissolved),  '^e 
difference  in  scatter  was  proportional  to  the  amount  of  calcite  in  the  sample,  henceforth  this  be 
referred  to  as  acid-labile  light  scatter.  In  the  absence  of  calcite,  no  change  in  light  scatter  was 
detected. 

A  Turner  1-11  fluorometer  configured  for  in-  vivo  chlorophyll  fluorescence  and  an  Inter-Oceans 
temperature  and  salinity  probe  were  also  in  the  flow  stream.  All  data  were  collected  on  an  IDS 
Turbo  286  computer  with  a  National  Instruments  16  channel  A/D  board  and  Labtech  Notebook 
software.  During  along-track  measurements  seawater  came  from  the  ship's  seawater  chest  (2m 
depth) ,  then  through  stainless  steel  pipe  to  the  ship’s  lab.  Data  was  collect^  at  3  minute  intervals. 
Hourly  discrete  samples  were  analyzed  for  extracted  chlorophyll  and  particulate  calcite. 


Vertical  profiles  were  obtained  with  a  pumping  system,  the  hose  of  which  was  attached  to  a 
CT  D  rosette.  Thehose  was  raised  at  2  meters  per  minute  with  a  maximum  possible  depth  of  120 
meters.  The  seawater  was  brought  into  a  large  tub  on  deck  for  debubbling,  where  a  Litde  Giant 
pump  in  the  bottom  of  the  tub  moved  the  water  into  the  main  lab. 


4.  ANALYTICAL 


TODS 


Particulate  calcite  was  determined  by  flame  photometeric  atomic  absorption  spectroscopy  (Perkin 
Elmer  model  2380).  One  liter  of  seawater  was  filtered  onto  a  pre-combusted  Whatman  GFF 
25mm  filter.  The  filter  was  rinsed  with  20mM  borate  buffer,  pH  8.0  to  remove  interstitial 
seawater.  Biters  were  then  frozen  for  later  analysis.  Samples  were  processed  by  digesting  filters 
in  2  mL  of  50%  trace-metal  clean  hydrochloric  acid  and  maintained  in  a  water  bath  at  40^0 
overnight  Eight  mL  of  1%  lanthanium  chloride  were  added  to  the  sample,  then  centrifuged  to 
remove  the  filter.  Dissolved  calcium  in  solution  was  analyzed  by  absorption  at  422.7nm.  using  a 
10cm  flame  The  instrument  was  calibrated  using  a  commercial  calcium  standard  from  Fisher 
Scientific.  The  in  vivo  chlorophyll  fluorescence  was  calibrated  by  linear  regression  with  discrete 
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samples.  The  extracted  chlorophyll  and  phaeopigment  concentrations  were  determined  by  the 
method  of  Yentsch  and  Menzel  ^  as  modified  by  Holm-Hansen^.  Particles  and  cells  were 
enumerated  in  a  Palmer  Maloney  counting  chamber  using  an  epi-fluorescence  microscope  with  a 
polarization  attachment 


5.  CALIBRATION  OF  THE  GE-J 


ER 


The  linearity  of  the  detector  was  checked  using  a  series  of  neutral  density  filters.  A  culture  of  the 
coccolithophore  Emliania  huxleyi  at  a  concentration  of  9.62  x  1(P  cells  ml  and  8.75  x  1(P 
coccoliths  ml~l  was  pumped  thru  the  cuvette  at  3.5  ml  per  minute.  Combinations  of  neutral 
density  filters  were  placed  in  front  of  the  signal  detector  to  attenuate  the  9QP  light  scatter  of  the 
sample  and  the  voltage  of  each  detector  was  recorded.  The  ratio  of  the  signal  to  l^r  monitor  was 
found  to  have  a  linear  response  over  3  orders  of  magnitude  (Fig.2).  The  detector  was  able  to 
discriminate  between  0.2  um  filtered  distilled  water  (Milli-Q)  and  filtered  seawater  with  a  signals 
of  0.639  and  0.785,  respectively.  These  values  are  within  Ae  mid-range  of  the  dynamic  response 
of  the  detectors  set  at  the  lowest  gain.  A  dilution  series  was  measured  of  seawater  containing  only 
free  coccoliths  from  E.  huxleyi  (Fig.  3).  The  data  in  this  figure  represents  the  total  90°  light 
scatter  for  the  sample  which  includes  both  seawater  and  coccoliths.  The  curvilinear  response  is 
due  to  the  fact  that  below  10,000  coccoliths  ml-*  most  of  the  total  90°  light  scatter  is  due  to  water. 
The  instrument  was  found  to  be  sensitive  to  1,0(X)  coccolith  ml'^  and  remained  linear  past  90,000 
coccoliths  ml'i  which  represents  bloom  conditions  (Fig.  4).  This  range  of  concentrations  of 
coccoliths  represents  0.2-20  ug  of  inorganic  Carbon  per  liter  as  calcite,  assuming  0.2pg  of 
carbon  per  coccolith*^. 


6.  DATA  ANALYSIS 

The  data  from  the  scattering  meter  was  continually  acquired  at  a  rate  of  one  sample  every  0.2 
seconds.  As  the  acid  pump  was  triggered  on  and  off,  the  resulting  data  stream  over  a  1  minute 
period  had  a  square  wave  appearance  when  calcite  was  present  The  minimum  duration  of  the 
plateaus  in  the  wave  form  was  about  20  seconds  with  a  10  second  transition  interval  between  the 
peak  and  trough  as  the  calcite  dissolved.  A  40  point  average  was  applied  to  the  data  during  the  10 
second  interval  before  the  acid  pump  was  triggered  on  or  ofi.  llie  non-acidified  and  acidified 
data  were  independently  smoothed  using  a  4  point  running  average.  Since  determination  of  the 
acidified  and  non-acidified  value  were  not  synchronous,  rapidly  changing  light  scatter  caused  an 
artifactual  value  for  the  acid  labile  light  scatter.  To  correct  for  this,  data  from  the  non-acidified 
samples  were  interpolated  to  the  time  of  the  acidified  sample.  The  acidified  value  subtracted  fi’om 
the  interpolated,  non-acidified  data  point  represented  the  acid  labile  light  scatter. 

7.  FIELD  DATA 

Surface  data  collected  from  2°N-1°N  latitude  along  140°W  longitude  during  the  JGOFS 
equatorial  pacific  cruise  in  August-September  1992  are  shown  in  figure  5.  A  hydrographic  front 
and  an  increase  in  chlorophyll  fluorescence  occurred  between  1.6°-1.5°N.  This  front  was 
associated  with  a  decrease  in  temperature  (Fig.5A).  The  total  90°  light  scatter  (non-acidified) 
began  increasing  at  1.6°N  but  remained  high  until  1.3°N  even  though  chlorophyll  had  begun  to 
decrease  (Fig.5B).  The  non-acidified  and  acidified  90°  light  scatter  were  the  same  from  1.9°N  to 
1.65°N  and  again  between  1.34°N  to  1°N.  The  acid  labile  90°  light  scatter  had  a  small  peak  at 
1.65°N  with  three  major  peaks  between  1.44  °to  1.32°N.(Fig.  5C).  These  acid  labile  pealb  were 
not  located  in  the  region  of  Invest  chlorophyll  concentrations.  Csdcite  as  carbon  rang^  from  2.2- 
5.0  ug  per  liter  along  the  transect  Differences  in  sample  size  and  frequency  between  Ae  light 
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scatter  and  calcite  measurements  precluded  a  direct  comparison,  howev^  the  two  values  graerally 
CO- varied  over  the  transect 

A  depth  profile  from  the  vertical  pumping  system  at  12°N  140oW  in  the  equatorial  Pacific  is 
shown  in  Figure  6.  Values  for  acid  labile  90°  light  scatter  were  close  to  zero  for  most  of  the 
profile  with  a  well  defined  peak  at  about  50tn  (Fig.6A).  Broad  peaks  in  both  chlorophyll  and  total 
90°  light  scatter  occurred  at  7Sm  (Fig.6B),  25  meters  below  the  peak  in  acid  labile  90°  light 
scatter,  suggesting  that  coccolithophores  were  living  above  the  chlorophyll  maximum.  Samples  of 
particulate  calcite  taken  from  a  rosette  cast  12  hours  prior  to  the  pump  profile  showed  a  peak  in 
calcite  carbon  at  45m. 


8.  CONCLUSIONS 

Acid  labile  light  scatter  calibrated  well  to  coccolith  concentration  in  the  lab  cultures  (rM).99)  and 
varied  rapidly  ov»  short  spatial  scales  both  in  die  vertical  and  horizontal.  Future  woik  will  involve 
absolute  calibration  of  the  detector  at  various  gains  and  improved  sampling  design  such  that  a 
direct  comparison  between  acid  labile  light  scatter  and  paniculate  calcite  can  be  made  at  sea.  This 
instrument  will  be  a  useful  shipboard  tool  for  high  resolution  mapping  of  calcite  particles  in  the 
sea. 
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Figure  2  Linearity  response  of  the  Signal  detector:  The  scattered  light  was 
attenuated  with  neutral  density  filters. 
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Figures  Dector  response  to  increasing  coccoUth  concentration:  The  data  represent  the 
contribution  of  both  seawater  and  coccoliths  to  the  total  90"  light  scatter  signal. 

f(x)  =  2.875192E-5*x  +  7.279036E-l  R^  =  9.912294E-1 
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Hgure  4  Acid-labile  90^  light  scatter  versus  coccolith  concentration. 

The  acid-labile  value  is  calculated  as  the  difference  between  the  total  and 
acidified  light  scatter. 

f(x)  =  2.878954E.5*x  +  -8.955551E-3  =  9.902I70E-1 
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Figure  5  Portion  of  Transect  from  Equatorial  Pacific  along  MOW  Longitude. 

A.  +  Temperature,  ■  Salinity;  B.  +  Total  90"  light  scatter,  •  acidified  light  scatter; 
C.  ■  Acid  labile  light  scatter,  o  Particulate  Calcite. 
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Figure  6,  Verticle  profile  12N  MOW  in  the  Equatorial  Paciflc 

A;  +  Paticulate  inorganic  Carbon  as  calcite,  •  acid-labile  90”  light  scatter;  B:  A  chlorophyll  ug  1* 
O  Total  90“  light  scatter 
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ABSTRACT 

A  new  method  of  measuring  the  total  scattering  coefficient  b  of  turbid  water  is 
described.  The  method  is  based  on  measuring  the  irradiance  and  radiance  from  a  point 
isotropic  source.  It  is  shown  that  the  method  accuracy  cam  be  improved  by  using  the 
empirical  relations  between  b  and  some  integral  parameters  of  the  scattering  phase 
function.  A  simple  scattering  meter  Turbido"  based  on  this  method  has  been  designed, 
patented,  calibrated,  and  tested.  The  instrument  is  intended  for  in  situ  measurements  of  b 
and  concentration  of  suspended  paurticles  C  in  tap  and  natural  waters.  In  the  red  spectral 
region  the  measurement  range  of  b  is  0.18-18  m'*,  C  ranges  from  0.3  to  30  mg/1.  The 
advantage  of  the  instrument  compared  with  nephelometers  is  its  simplicity  and  weaker 
dependence  of  its  readings  on  sizes  of  suspended  particles. 

1.  INTRODUCTION 

At  present,  the  hydroopticians  have  no  instruments  for  measuring  the  scattering 
coefficient  b,  which  would  be  as  simple  and  reliable  as  instruments  for  measuring  the 
attenuation  coefficient  c.  The  scattering  coefficient  is  usually  determined  by  measuring 
either  the  volume  scattering  function  ^(0)  or  its  value  at  a  given  scattering  angle  9^.  In 

the  first  case,  b  is  calculated  by  integration  of  fi(e)  over  entire  solid  angle,  in  the 
second  case,  it  is  expressed  through  ^(0)  by  empirical  equations,  e.g. 

log  b  =  0.86  log  ^  (6®)  -  0.56.  (1) 

The  shortcoming  of  these  methods  results  from  the  necessity  of  using  rather 
high-powered  I’ght  sources  and  high-sensitive  receivers  for  measuring  weak  light  signals, 
as  well  as  arrangements  for  angle  selection  and  second  processing.  The  accuracy  of 
determining  b  from  Eq.(l)  may  be  too  low. 

Here  we  describe  a  new  method  of  measuring  b  .  The  advantages  of  this  method  lie  in 
its  simplicity  and  high  enough  accuracy.  The  method  is  based  on  measuring  radiance  and 
irradiance  from  a  point  isotropic  source  placed  in  the  water. 
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2.  ALGORITHM  OF  DETERMINING  THE  SCATTERING  COEFFICIENT 

The  apparent  radiance  of  point  isotropic  source  in  turbid  medium  is  attenuated  with 
distance  r  according  to  the  Bouguer  law 

L  =  exp  (-cr),  (2) 

where  is  the  inherent  source  radiance,  c  =  a  +  b,  a  is  the  absorption  coefficient.  This 
law  holds  within  the  limits  br  s  provided  the  source  size  (d)  is  small  enough. 

Attenuation  of  irradiance  from  such  a  source  with  high  accuracy  is  computed  from^ 

£  =  0.25  ird^r  exp  (-(a  +  b  )  rl  ,  (3) 

0 

where  <p  is  tiie  scattering  probability  for  the  scattering  angle  range  0  a  45**.  It  is 
45 

related  to  average  cosine  of  the  scattering  phase  function  by  the  the  regression* 

«>  =  0.880  -  0.885  <cos  0>.  (4) 

If  the  irradiance  meter  and  the  radiance  meter  (receivers  1  and  2  in  Fig.l  )  are 
placed  at  a  distance  r  <  x^/b  from  the  source,  the  aperture  angle  of  radiance  meter  being 

d/r,  then  the  ratio  of  radiant  powers  at  the  detectors  of  both  receivers  (P^  =  £^  and 

P^  =  0.25  ndV"^)  is  given  by 

P/P,  *  (Z /Z J  exp  ((l-y)^^)br],  (5) 

1  Z  1  Z  ^9 

where  Z^  and  Z^  are  the  areas  of  entrance  pupils  of  the  receivers. 

Provided  that  the  receivers  form  signals  and  which  are  proportional  to  P^  and 
P^,  the  scattering  coefficient  can  be  expressed  through  the  ratio  of  these  signals: 

b  =  A  In  (u  /u  )/r  +  b  ,  (6) 

12  0 

A  =  (I  -  )■*  =  (0.12  +  0.885  <cose>r‘.  (7) 

The  value  of  b^  in  Elq.lG)  depends  on  receiver  parameters  (Z^  and  Z^,  amplification 

of  the  electronic  section,  etc.).  It  turns  out  to  be  zero  when  the  receivers  are  balanced 

to  suit  the  condition  u  =  u  for  b  s  o. 

1  2 

3.  SOURCES  OF  MEASUREMENT  ERRORS 

The  unknown  factor  A  in  Eq.(6)  does  not  prevent  measuring  b  with  a  rather 
high  accuracy.  Long-standing  investigations  of  the  inherent  optical  properties  in  various 
regions  of  the  World  Ocean  have  shown  that  <cos  e>  ranges  from  0.75  to  0.98.  According  to 
Eq.(7),  the  corresponding  values  of  A  lie  in  a  range  between  1.013  and  1.276.  Therefore, 
without  a  priori  information  about  the  value  of  <cos  6  >,  the  error  of  determining  b  by 
Eq.(6)  will  not  exceed  11.57.,  if  the  real  value  of  A  in  this  equation  is  replaced  by  the 
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average  value  <A  >  >=  1.145. 

The  accuracy  of  measurement  of  b  can  be  increased  through  usii^  correlative  relations 
between  ^b  and  scattering  phase  function  asymmetry  coefficient  K  ’  ,  and  between  K  and 
<cos0  >.  Data  on  the  ranges  of  K,  <cos  0  >,  and  A  in  waters  with  b  >  0.05  m"^  and  in  very 
pure  waters  (b  <  0.05  m~j  are  presented  in  Table  1.  Besides,  Table  1  contains  average 
values  of  A  and  maximal  relative  errors  (ob)  of  determining  b  by  Eki.(6),  provided  that  A 
in  this  equations  takes  the  value  of  <A  >,  depending  on  the  measurement  ramge  of  b. 

Table  I 


b 

b  >  0.05  m'* 

b  <  0.05  m‘^ 

K 

22-170 

12-22 

<  COS0  > 

0.87-0.98 

0.75-0.87 

A 

1.013-1.12 

1  . 12-1 . 28 

<  A  > 

1.07 

1.20 

6b  (%) 

5.0 

6.5 

In  accordance  with  data  in  Table  1  the  following  algorithm  may  be  used  for 

determining  b.  Let  the  factor  A  in  Eq.(6)  be  equal  to  1.07._  If  the  result  of  measurement 

is  b’  >  0.045  m  ,  we  take  that  b  =  b'.  If  b’  <  0.045  m  ,  we  take  b  =  1.12  b’.  As  a 

result,  the  error  of  determining  b  caused  by  variations  of  A  will  decrease  to  ST.  for  b  > 

0.05  m’  and  to  6.5%  for  b  <  0.05  m  ! 

The  "base"  of  the  instrument  (r)  and  size  of  the  light  source  (d)  should  be  chosen 
with  account  of  the  condition  that  in  a  given  range  of  b  the  exponential  law  for  radiance 
(Eq.(2))  is  valid.  It  means  that  radiance  of  scattered  light  (L^)  in  r  -  direction  must  be 

much  smaller  than  that  of  direct  (unscattered)  light  (L). 

a 

As  a  result  of  scattered  light  entering  the  receiver  2  the  instrument  will  read  an 
underestimated  value  of  b: 


b’*b  (1  -  6b),  (8) 

the  relative  systematic  measurement  error  being  dependent  on  the  ratio  as 

6b  =  A  In  (1  +  L  /L  )/br.  (9) 

s  d 

3 

From  results  of  small-angle  diffusion  approximation  of  the  radiation  transfer  theory 
the  following  formula  can  be  written 

,  2exp  B  +  exp(-B)  -  3  +  NB 

6b  =  ^  In  - ,  (10) 

1  -  exp(-B)  +  NB 
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where  B  =  br/A  “  0.9  br,  N  =  8<0^  >/(3f^^)  ,<0^  >  is  the  vau'iance  of  the  scattering  phase 

function,  calculated  within  the  angle  range  0  <  0  <  45°,  ^  »  d/r  is  the  aperture  angle  of 
the  receiver  2.  Note,  that  both  <p  and  <6  >  are  related  to  <cos8>  through  linear 

45  45 

regressions: 

The  curves  of  constant  values  of  5b  and  the  area  of  the  values  5b  <  0.01  on  the 

coordinate  plane  N,  B,  shown  in  Fig.  2,  demonstrate  that  the  systematic  measurement  error 

caused  by  violation  of  the  Bouguer  law  will  be  excluded  if  N  >  300  amd  B  <  5  (br  <  5.5) 

The  value  of  <0  >  ranges  from  0.026  to  0.087  .  Accordingly,  the  condition  N  >  300  will 
45 

be  fulfilled  in  any  water  if  <  1.5  10  ^  rad. 

4.  ARRANGEMENT  AND  PARAMETERS  OF  THE  INSTRUMENT 

The  measurement  method  was  realized  in  the  instrument  "Turbido"  which  has  been 
designed,  mamufactured,  calibrated,  and  tested.  This  instrument  is  intended  for  rapid  in 
situ  measurements  of  the  scattering  coefficient  and  concentration  of  suspended  particles 

in  the  tap  water  amd  sewage,  in  natural  waters  (rivers,  lakes,  coastal  waters),  and  in 
cooling  reservoirs  of  the  thermoelectric  power  stations  and  nuclear  power  stations.  Its 

measurement  range  is  b  =  0.18-18  m"*  in  the  red  spectral  region  (600-700  nm).  It  makes 

possible  measurements  of  water  turbidity  in  a  range  of  0.5-50  FTU  (Formazine  Turbidity 

Units)  and  concentration  of  suspended  particles  in  a  range  of  0.3-30  mg/liter.  The 
instrument  consists  of  two  cable-connected  parts:  submergible  data  unit  and  portable 
measuring  unit. 

The  data  unit  is  designed  in  the  form  of  two  hermetic  boxes  connected  by  a  rigid 
framework  (Fig.l),  which  does  not  prevent  water  flowing  in  the  space  between  the  boxes, 
but  protects  the  receivers  from  outer  lighting.  The  distance  between  the.  box  illuminators 
("base")  is  r  =  25  cm.  The  magnitude  of  r  was  computed  with  the  requirement  that  the 
designed  measurement  accuracy  be  provided  in  a  given  range  of  b.  In  one  of  the  boxes  a 
light  source  (light-diode)  is  placed  just  adiead  of  the  illuminator.  The  radiant  power  of 
the  source  is  about  20  mW  ,  the  radiant  intensity  being  constant  in  a  range  of  angles 
within  90°,  which  enables  one  to  consider  the  source  as  isotropic.  Two  coaxial  receivers 
are  situated  in  the  other  box.  The  photo-diode  placed  directly  behind  the  illuminator 
measures  the  irradiance.  The  radiance  meter  consists  of  a  lens  with  a  focal  length  /  =  50 
mm,  a  screen  with  a  hole,  0.5  mm  in  diameter,  and  a  photo-diode  situated  behind  the 
screen.  The  screen  is  placed  in  the  plane  of  the  source  image  formed  by  the  lens.  The  size 
of  the  hole  is  equal  to  the  source  image  size,  therefore  the  entire  unscattered  light 
passing  through  the  lens,  falls  on  the  photo-diode.  The  signals  from  the  photo-diodes 
after  amplification  and  processing  enter  the  measuring  unit  in  the  form  of  currents  auid 

.  In  the  measuring  unit  the  currents  are  converted  to  the  voltages  and  = 

The  calculator  forms  the  signal 


S  =  M  In  (u  /u  ).  (11) 

1  z 

Setting  instrument  readings  to  zero  is  performed  by  changing  the  resistance  R^.  In 

doing  so  the  condition  S  =  0  (  u^=  u^)  is  fulfilled  for  b  ®  0.  Controlling  the  scale 

factor  M  enables  one  to  fit  the  instrument  scale  to  a  given  value  of  A/r  in  Eq.(6)  or  to 
graduate  the  instrument  by  turbidity  samples.  The  instrument  has  a  two-bit  digital 
indicator,  graduated  in  FTU,  and  current  output  of  0-5  mA.  Electrical  power  supply  is 
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autonomous  (from  a  9V-battery)  and  from  the  mains  220  V,  50  Hz  .  Power  consumption  is  not 
grater  than  2  W.  The  overall  dimensions  of  the  instrument  ame  0.5  x  0,25  m. 

The  digital  indicator  shows  the  values  of  turbidity  with  an  accuracy  of  about  10’/,  in 
the  ramge  1-50  FTU  (b  =  0.36-18  m  and  about  20%  for  0.5  FTU.  The  current  output 
provides  a  measurement  accuracy  not  worse  than  10%  in  the  entire  measurement  range. 

The  dependence  of  readings  of  "Turbido"  and  nephelometer  on  suspended  particle  size 
computed  according  to  the  Mie  theory  shows  that  readings  of  "Turbido"  depend  on  particle 
size  more  weakly  than  that  of  nephelometer  (provided  that  particle  concentration  is 
constant).  Besides,  the  radiant  power  measured  in  "Turbido"  is  4-5  orders  of  magnitude 
larger  than  in  nephelometer.  This  provides  simplicity  of  the  instrument. 
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Figure  1.  Schematic  diagram  of  the  submergibie  data  unit  of  Turbido" 

1.  Transmitter  box.  2.  Light  source  (light-diode). 

3.  Illuminators.  4.  Rigid  framework 

5.  Receiver  1  (irradiance  meter).  6,  Lens. 

7.  Screen  with  a  hole  8.  Photo-diode 


9.  Receiver  box. 


10.  Receiver  2  (radiance  meter). 
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Figure  2.  Curves  of  the  constant  values  of  the 
measurement  error  db  and  the  area  of  the  values 
5b  <  0.01  in  the  coordinate  plane  log  N,  B. 
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ABSTRACT 

The  light  field  in  reflective  tube  type  absorption  meters  was  modelled  with  Monte  Carlo  methods.  The  entrance 
light  field  was  varied  and  the  systems  geometry  was  varied  together  with  the  inherent  properties  of  a  test  medium. 
This  enabled  us  to  calculate  the  radiance  attenuation  as  a  function  of  the  field  of  view  for  several  variants  of  a 
reflective  tube  absorption  meter.  It  was  found  that  an  instrument  with  a  Lambertian  entrance  light  field  and  a 
small  field  of  view  measures  the  sum  of  absorption  and  backscattering  with  an  error  less  than  2-5%.  This  result  is 
independent  of  the  shape  of  volume  scatter  functions  for  surface  water.  For  small  fields  of  view  the  reflectivity  of 
the  cylinder  was  found  not  to  be  critical. 


1  INTRODUCTION 

The  propagation  of  light  through  a  suspension  of  particles  can  be  described  with  two  parameters  only;  the  absorption 
coefficient  and  the  volume  scattering  function  of  the  medium.  These  so-called  inherent  optical  properties  depend  on 
the  physical  properties  of  the  constituents  of  the  medium.  The  inherent  optical  properties  of  a  sample  of  water  contain 
all  information  about  its  constituents  that  is  obtainable  by  optical  bulk  measurements.  As  a  second  step  in  analysis 
it  can  be  attempted  to  translate  these  properties  into  chemical  and  physical  characteristics,  aquatic  humus,  silt  and 
concentrations  of  algal  pigments.  With  this  approach  these  water  quality  parameters  can  be  monitored  by  monitoring 
the  changes  in  the  inherent  optical  properties. 

Measuring  the  absorption  coefficient  of  turbid  water  samples  is  not  trivial.  Suspended  matter  causes  light  loss  by 
scattering,  which  leads  to  an  over-estimation  of  the  absorption  coefficient.  This  error  is  minimised  with  an  optical 
configuration  that  ensures  that  most  of  the  scattered  light  is  intercepted  by  the  detector.  Examples  are  the  Ulbricht 
sphere^^,  the  semi-integrating  sphere  and  the  opal  glass  method^^’  The  disadvantage  of  the  Ulbricht  sphere  is 
that  although  it  measures  absorption  only,  the  path  length  does  not  necessarily  equal  the  geometrical  path  length. 
A  disadvantage  of  the  opal  glass  method  is  that  only  light  scattered  into  the  forward  direction  can  be  measured. 
Total  reflection,  caused  by  the  refractive  index  difference  between  glass  and  air,  restricts  the  angle  of  intercepted  light 
further  when  measurements  are  done  on  a  sample  contained  in  a  glass  cuvet.  This  leads  to  an  effective  field  of  view 
of  approximately  38  —  41°.  A  variation  of  the  opal  glass  method  is  the  filter  pad  method*^  which  uses  particle-laden 
filters  as  diffusor.  These  methods  are  generally  used  in  laboratory  work  but  sample  treatment  introduces  further 
errors.  Automated  monitoring  of  inherent  properties  is  not  possible  this  way  and  in  situ  measurements  au%  therefore 
preferable.  Several  instruments  have  been  built  to  do  this. 

Zaneveld  et  al}^  built  a  reflective  tube  absorption  meter.  In  this  design  a  silver  coated  (second  surface)  glass  tube 
reflects  the  forward  scattered  light  of  a  collimated  beam  towards  a  detector  with  a  large  field  of  view.  The  path  length 
travelled  by  scattered  photons  is  not  equal  to  the  geometrical  path  length  of  the  tube.  Further  errors  are  introduced 
by  the  backscattered  light  and  by  reflection  at  the  tube  boundary.  Therefore  field  data  must  be  corrected  with 
laboratory  measurements  on  suspensions  with  similar  scattering  properties.  If  both  beam  attenuation  and  absorption 
measurements  are  used  for  this  correction  the  error  in  the  absorption  coefficient  will  be  ±3%  of  the  total  scattering. 
Radiative  transfer  in  the  reflective  tube  absorption  meter  was  modelled  with  Monte  Carlo  techniques  by  Kirk^. 
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Table  1:  Characteristics  of  the  submeraible  absorption  meter. 


Diameter 

Length 

Reflectivity 

tube 

25  cm 

50  cm 

93% 

Diameter 

Fov 

Wavelength 

Resolution 

Remark 

detector 

2.5  cm 

1.5® 

400-800  nm 

1.2  nm 

path  length  a4justable  over  5-20  cm 

Other  instruments  make  use  of  the  integrated  equation  of  radiative  transfer^'  The  resolution  of  this  method  is  set 
by  the  limiting  distance  over  which  irradiance  changes  may  be  measured.  In  photo-acoustic  spectroscopy,  another 
method,  the  sound  pulses  generated  by  changes  in  volume  after  absorption  of  light  by  a  sample  are  measured;  sound 
intensity  is  proportional  to  absorbed  energy Fry  and  Kattawar^  proposed  to  apply  the  integrating  cavity  to 
measure  absorption  in  situ^. 

The  submersible  absorption  meter  developed  by  Hakvoort  et  al.^  is  based  on  the  fact  that  in  a  diffuse  (Lambertian) 
light  field,  light  scattered  out  the  beam  is  always  compensated  for.  A  detector  looking  in  one  direction  towards  a 
Lambertian  light  field  should  therefore  measure  absorption  plus  backscattering,  as  long  as  the  light  field  remains 
diffuse  over  the  whole  path  length.  A. Lambertian  light  field  is  made  from  a  flat  diffuse  light  source  contained  in  a 
reflecting  cylinder.  Physical  dimensions  and  characteristics  of  the  instrument  are  given  in  Table  1.  In  this  paper  the 
equation  of  radiative  transfer  is  solved  numerically  with  Monte  Carlo  techniques  for  this  instrument  and  for  similar 
designs.  The  influence  of  several  design  parameters  on  the  performance  of  such  an  absorption  meter  is  studied  and 
their  optimum  choice  determined. 


2  THEORY 

The  propagation  of  light  through  a  medium  can  be  described  by  the  equation  of  radiative  transfer.  In  a  plane  parallel 
medium  without  internal  sources  this  can  be  written  as 

cos(g)---'^^-  --  =  -c{z)L{z;  0,  <t>)  L*(z;  0,4)-  ( 1 ) 

Here  L{z\0,<f>)  is  the  radiemce  at  depth  z,  normal  to  the  plane  of  stratification,  in  a  solid  angle  du  centred  around 
direction  {0,<t>)-  0  is  the  angle  with  respect  to  the  zenith  and  4  is  the  azimuth  angle.  The  first  term  on  the  right  gives 
the  radiance  decrease  per  meter  due  to  the  beam  attenuation  c.  The  beam  attenuation  is  the  sum  of  absorption  a  and 
scattering  6.  The  second  term  on  the  right  gives  the  path  radiance:  ie.  the  gain  in  radiance  due  to  light  scattered  into 
a  beam  from  all  directions, 

L*(z;  0, 4)  =  r  r  0{zi  0, 4;  O',  4')L{z;0',  4')  sin(0')d0'd^'.  (2) 

Jo  Jo 

Here  is  the  volume  scattering  function.  It  is  customary  to  substitute  n  for  the  cosine  of  the  zenith  angle.  If  there 
is  rotational  symmetry  around  the  optical  axis  of  the  system  and  the  z-dependence  of  the  beam  attenuation  and 
scattering  is  negligible,  the  equation  of  radiative  transfer  can  be  rewritten  as 

with 

P(P.  P')  =  ^  <!>■,  4>')d4'-  (4) 

Integro-differential  equations  are  difficult  to  solve,  also  by  numerical  means,  but  with  the  quasi-single  scattering 
approximation^  this  equation  can  be  rewritten  in  a  simple  form  for  zenith  radiance.  The  quasi-single  scattering 
approximation  is  based  on  the  fact  that  the  volume  scattering  function  is  strongly  peaked  in  the  forward  direction. 
The  approximation  consists  of  forcing  photons  that  are  not  backscattered  to  scatter  forward  perfectly  and  hence  to 
remain  in  the  beam.  Backscatter  can  be  treated  in  two  ways,  the  backscattering  part  of  the  original  volume  scattering 
function  can  be  used  or  backscattering  can  be  replaced  by  isotropic  backscattering.  Mathemathically  this  can  be 
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Symbol 

Description 

imit 

L(f,s) 

radiance  at  position  r,  direction  s 

3/s  sr“‘m~''‘ 

U(r,8) 

path  radiance  at  position  r,  direction  s 

J/s  sr“^  m“ 

Eod 

downward  scalar  irradiance 

J/s  sr“*  m” 

a 

absorption  coeflScient 

m“* 

6 

scattering  coefficient 

m~^ 

forward  scattering  coefficient 

m"‘ 

bt 

backward  scattering  coefficient 

m“* 

c 

beam  attenuation 

m~‘ 

m 

volume  scatter  function 

m“*8r~* 

mfp 

mean  free  path 

m 

P(s) 

probability  distribution  function 

F{t  <  s) 

probability  mass  distribution 

9 

zenith  angle 

rad 

4> 

azunuth  angle 

rad 

cos(0) 

rand(a,  b) 

random  deviate  uniformly  distributed  between  a  and  b 

6(x) 

Dirac-delta  function 

described  with  a  delta  function  for  forward  scattering  and  an  isotropic  distribution  for  backscattering 
scatter  function  then  becomes 

if  -1  <  C08(fl)  <  0 
"  \  bj6{e)/2T  if  0  <  C08(«)  <  1. 

Substituting  this  in  the  radiative  transfer  equation  we  get  for  zenith  radiance 

^  =  -ia  +  h)Liz)-^Eou{z). 

With  Eou{z)  the  upward  scalar  irradiation.  From  the  definition  for  beam  attenuation  we  find 

As  long  as  the  last  term  on  the  right  side  is  small  this  expression  will  be  »  a  +  This  analytical  solution  of  the 
equation  of  radiative  transfer  suggests  that  the  submersible  absorption  meter  as  built  by  Hakvoort  ei  a/,  should  work 
in  situations  where  the  quasi-single  scattering  approximation  is  valid.  If  multiple  scatter  can  be  ignored  the  absorption 
meter  should  work  for  any  phase  function.  In  the  real  instrument  the  light  field  will  not  be  completely  diffuse  due  to 
absorption;  only  the  entrance  light  field  can  be  made  diffuse.  Volume  scattering  functions  as  found  for  surface  water 
are  strongly  peaked  in  the  forward  direction  but  are  not  perfect  delta  functions.  Therefore  Monte  Carlo  modelling  will 
be  used  to  solve  the  equation  of  radiative  transfer  for  several  different  geometries.  In  reality  a  detector  always  has  a 
finite  field  of  view  therefore  the  angular  distribution  of  the  light  field  was  studied. 

3  MATERIAL  AND  METHODS 

In  a  Monte  Carlo  model  normalised  radiance  is  interpreted  as  the  probability  of  finding  a  photon  in  a  particular 
direction.  The  beam  attenuation  coefficient  is  interpreted  as  describing  the  probability  for  a  photon  to  travel  a  certain 
distance  before  any  interaction  with  the  medium  takes  place,  ie.  before  absorption  or  scattering.  If  scattering  by 
water  is  ignored  then  the  absorption  by  water  can  be  subtracted  from  the  total  beam  attenuation  to  give  the  beam 
attenuation  by  the  particles  in  suspension.  Then  we  can  interpret  the  absorption  as  absorption  by  particles  only.  The 
ratio  a/c  gives  the  probability  that  the  outcome  of  an  interaction  with  the  medium  will  be  absorption  of  a  photon.  The 
normalised  volume  scattering  function  is  interpreted  as  to  give  the  probability  that  a  photon  trajectory  will  deviate 
from  its  current  trajectory  by  a  certain  scattering  angle.  Volume  scattering  function  as  measured  by  Petsold***  were 
used.  Reflectivity  is  interpreted  as  the  probability  that  a  photon  hitting  a  wall  will  be  reflected. 


.  The  volume 

(5) 

(6) 
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In  our  coordinate  system  the  light  source  is  placed  at  s-position  0,  centred  around  the  origin  and  emitting  light 
upwards.  The  detectors  are  placed  on  the  s-axis  facing  the  light  source.  Direction  cosines  depend  on  the  zenith  angle, 
0,  ie.  the  angle  with  respect  to  the  z-axis  and  the  azimuth  angle,  ie.  the  angle  in  the  xy-plane  with  respect  to  the 
x-axis. 

All  random  deviates,  except  for  the  uniform  probability  distribution,  were  calculated  with  the  transformation  method^ 
That  is  generate  a  random  number  and  interpret  this  as  the  area  under  the  graph  of  the  desired  probability  distribution. 
Then  find  the  value  for  which  this  area  is  reached,  this  is  the  random  deviate  we  need.  This  involves  solving  the  inverse 
of  the  mass  distribution  of  the  probability  distribution.  If  for  a  given  mass  distribution  function  the  inverse  of  its 
probability  distribution  function  could  be  found  analytically  the  transformation  method  was  used  directly.  If  not, 
the  inverse  probability  function  was  calculated  with  the  Newton-Rhapson  method.  If  the  probability  mass  function 
was  available  in  tabular  form  its  distribution  function  was  calculated  with  the  trapezium  rule.  Hunt  search in 
combination  with  the  transformation  method  results  in  the  interval  that  contains  the  random  deviate.  A  random 
value  uniformly  distributed  in  this  interval  was  chosen. 

To  avoid  statistical  correlation  between  the  random  deviates  selected  the  number  of  times  a  random  number  is  generated 
should  not  exceed  5%  of  the  period  of  the  random  number  generator.  In  our  simulations  not  more  then  10^  photons 
employing  approximately  10  random  numbers  each  were  generated.  The  period  of  the  generator  is  approximately 
16  *  (2^*  —  1),  much  larger  than  the  number  of  times  a  random  number  was  generated. 

The  model  follows  generated  photons  one  at  a  time.  The  length  of  each  step  made  by  the  photon  is  determined  by 
the  position  closest  to  the  current  position,  the  position  of  reflection,  the  position  of  interaction  with  the  medium  or 
the  position  of  detection.  Photons  moving  past  the  boundary  of  the  tube  are  no  longer  followed.  Backscattering  can 
be  quite  large,  so  the  postion  of  the  last  detector  was  chosen  before  the  end  of  the  tube.  If  the  photon  is  reflected  its 
direction  cosines  are  recalculated  when  the  photon  survives  the  reflection.  If  interaction  with  the  medium  takes  place 
it  is  decided  whether  the  photon  is  scattered  or  absorbed.  When  scattering  takes  place  the  new  direction  cosines  are 
calculated.  If  the  photon  is  detected,  its  current  angle  with  respect  to  the  z-axis  is  logged. 

The  light  field  as  calculated  by  the  model  is  analysed  by  adding  all  photons  that  arrived  at  a  given  position  while 
travelling  in  a  direction  with  a  zenith  angle  smaller  than  or  equal  to  the  field  of  view  of  a  detector.  A  straight 
line  is  fitted  through  the  (natural)  logarithm  of  these  cumulative  distributions  and  the  direction  coefficient  is  taken 
as  the  measured  radiance  attenuation.  For  each  geometry  of  an  absorption  meter  the  ratio  of  this  number  with 
the  true  absorption  is  calculated.  This  procedure  is  only  valid  when  the  light  field  changes  exponentially,  ie.  when 
Lambert-Beers  law  is  valid.  If  the  light  field  does  not  decrease  exponentially  the  radiance  attenuation  is  calculated 
from  — 1/z  ln(/o//(z)),  with  z  the  position  of  the  last  detector. 

4  RESULTS 


4.1  Collimated  beam 

A  reflective  tube  with  the  same  diameter  and  length  as  the  reflective  tube  absorption  meter  developed  by  Zaneveld  ei 
ai,  illuminated  by  a  collimated  beam,  was  modelled.  Table  3  gives  the  parameters  that  were  used  with  the  model.  The 
results  should  be  directly  comparable  with  the  Monte  Carlo  modelling  of  a  reflective  tube  as  done  by  Kirk^.  The  model 
developed  there  was  slightly  more  refined  since  the  motion  of  a  photon  in  the  cylinder  wall  was  taken  into  account,  as 
appropriate  for  a  second  surface  reflector.  Our  model  assumes  a  first  surface  reflector.  Also  the  method  of  analysing 
the  data  differs  slightly.  Only  the  number  of  photons  at  position  z  =  0  and  at  the  position  of  the  last  detector  are 
taken  into  account  by  Kirk.  In  our  model  the  calculation  of  the  radiance  attenuation  coefficient  is  influenced  by  light 
intensities  at  intermediate  positions  as  well.  So  statistical  fluctuations  are  less  important.  This  is  only  valid  if  the  light 
field  decreases  exponentially.  Figure  la  shows  the  result  of  varying  the  ratio  6/a,  agreement  between  our  model  and 
the  calculations  done  by  Kirk  is  better  than  5%.  Figure  lb  shows  the  result  of  varying  the  reflectivity  of  the  cylinder 
wall.  The  figures  also  show  the  ratio  of  the  measured  radiance  attenuation  to  a  +  6^.  As  can  be  seen  the  measured 
radiance  attenuation  is  better  correlated  with  a  +  b^  than  with  a. 
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Table  3:  PaiMnetera  used  in  the  model.  Each  gjmnlation  conasta  of  tt^wing  10*  photons. 


light  source 

collimated 

lambertian 

tube  length  [m] 

0.25 

1 

tube  diameter  [m] 

0.01 

0.25 

tube  reflectivity 

0...100% 

0...100% 

field  of  view 

0...90* 

0...90* 

c  [m-^] 

0...2.2 

2&  10 

a  [m 

0.1  &  0.2 

0.18... 9.1 

b[m-M 

San  Diego  Harbor 

San  Diego  Harbor,  Tongue  of  the  Ocean,  Southern  California 

4.2  Lambertian  light  source 

A  configuration  similar  to  the  submersible  absorption  meter  as  built  by  Hakvoort  et  al.  illuminated  with  a  Lambertian 
light  source  was  modelled.  'Dtble  3  gives  the  parameters  that  were  used  with  the  model.  Figure  2a  compares  the 
measured  radiance  attenuation  with  the  true  absorption  and  Figure  2b  compares  the  measured  radiance  attenuation 
with  the  the  sum  of  true  absorption  and  backscattering.  The  true  beam  attenuation  is  kept  constant  at  2  while  the 
true  absorption  and  scattering  were  varied.  The  reflectivity  of  the  tube  was  set  to  100%.  Petzold’s  San  Diego  Harbor 
volume  scattering  function  was  used.  It  can  be  seen  that  the  calculations  for  the  smallest  field  of  view  still  suffer 
from  statistical  noise.  The  trend  of  the  curves  is  that  measured  radiance  attenuation  goes  to  a  +  6t  +  c,  with  c  a  few 
percent  of  the  true  absorption.  It  can  be  seen  in  the  figures  that  measured  radiance  attenuation  with  a  field  of  view 
of  8.5*  is  almost  indistinguishable  from  true  absorption,  the  difference  is  approximately  10%.  This  is  supported  by 
the  measurements  of  Hakvoort  ei  al.^.  They  describe  measurements  of  upwelling  radiance  attenuation  with  a  field  of 
view  of  approximately  8.5*.  Upward  radiance  attenuation  was  found  to  be  strongly  dependent  on  the  absorption.  No 
theoretical  reasons  were  given  to  explain  this. 

Figures  3a  and  b  compare  the  measured  radiance  attenuation  with  true  absorption  and  backscattering  when  the 
reflectivity  of  the  tube  is  varied.  The  true  absorption  was  set  to  0.4  m~^  and  the  scattering  was  set  to  1.6  m~^.  The 
smallest  fields  of  view  are  not  much  affected  by  the  reflectivity  of  the  tube,  the  larger  fields  of  view  are. 

Figures  4a  and  b  compare  the  measured  radiance  attenuation  with  true  absorption  and  backscattering  when  the  field 
of  view  is  varied  and  the  volume  scattering  function  is  varied.  From  Figure  4b  it  can  be  seen  that  the  difference 
between  the  volume  scattering  functions  can  be  completely  attributed  to  difference  in  backscattering.  This  indicates 
that  the  absorption  meter  is  quite  insensitive  for  the  shape  of  the  volume  scattering  function. 

5  CONCLUSION  AND  DISCUSSION 

We  found  that  for  a  reflective  tube  type  absorption  meter  with  an  Lambertian  entrance  light  field  the  radiance 
attenuation  as  measured  with  a  detector  with  a  small  field  of  view  almost  equals  the  true  absorption  plus  backscattering. 
The  model  develloped  can  be  a  useful  tool  to  investigate  the  influence  of  design  parameters  as  size  and  reflectivity  of 
the  cylinder  wall. 

With  some  modifications  the  model  can  be  used  to  calculate  the  reflection  in  a  reflective  tube.  This  makes  it  possible 
to  model  reflection  as  measured  in  large  scale  enclosures  as  develloped  by  lUjkeboer  et  al}^.  The  model  could  also  be 
used  to  estimate  the  effect  of  shadowing  by  the  finite  size  of  a  detector. 
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CoUinMled  beam  CoUhnited  bem 
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(A)  Wi  (B)  Rdlectivity[*l 

Figure  1:  (A)  Radiance  attenuation  of  the  light  field  in  a  reflective  tube  illnininated  with  a  coUintated  beam.  The  absorption 
is  kept  constant  at  0.2  m~*,  the  ratio  i/a  is  varied  and  the  reflectivity  is  set  to  94%.  Petzold’s  San  Diego  Harbor  volume 
scattering  function  is  used.  The  ratio  of  measured  attenuation  to  true  absorption  and  absorption  {flus  backscattering  for  a  fidd 
of  view  of  34.S‘  is  shown.  Also  shown  is  the  ratio  of  attenuation  to  absorption  as  calculated  by  Kirk.  (B)  Similar  to  (A)  but 
the  reflectivity  is  varied,  i  =  0.4  and  a  =  0.1. 


(A)  Wb  (B)  IVb 


Figure  2;  Radiance  attenuation  of  the  light  field  in  a  reflective  tube  with  a  Lambertian  initial  light  field.  The  beam  attenuation 
is  kept  constant  at  2  m~*  and  the  reflectivity  is  set  to  100%.  Shown  are  the  ratios  of  measured  radiance  attenuation  to  true 
absorption  (A)  and  to  the  sum  of  true  absorption  and  backscattering  (B)  as  measured  with  different  fields  of  view  when  the 
ratio  6/a  is  varied.  Path  length  arnfflification  becomes  important  for  large  fields  of  view.  The  radiance  attenuation  for  a  fidd 
of  view  of  1.5*  is  influenced  I9  statistical  noise. 
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^A)  Reflectivity  (%]  ^B)  Reflectivity  [%] 


Figure  3:  Radiance  attenuation  of  the  light  field  in  a  reflective  tube  with  a  Lambertian  initial  light  held.  The  beam  attenuation 
is  kept  constant  at  2  m~* ,  the  absorption  is  set  to  0.4  m~^  and  the  scattering  is  set  to  1.6  m~* .  Shown  are  the  ratios  of  measured 
radiance  attenuation  to  true  absorption  (A)  and  to  the  sum  of  true  absorption  and  backscattering  (B)  as  measured  with  different 
fields  of  view  when  the  reflectivity  of  the  tube  is  varied.  The  radiance  attenuation  for  a  field  of  view  of  1.5*  is  influenced  by 
statistical  noise. 


Figure  4:  Attenuation  of  the  light  field  in  a  reflective  tube  with  a  LamberUan  initial  light  field.  The  beam  attenuation  is  kept 
constant  at  2m~’,  the  absorption  is  set  to  0.4  m~‘  and  the  scattering  is  set  to  1.6  m~*.  Shown  are  the  ratios  of  measured 
radiance  attenuation  to  true  absorption  (A)  and  to  true  absorption  plus  backscattering  (B)  as  measured  with  different  volume 
scattering  functions  when  the  field  of  view  is  varied.  The  values  for  small  fields  of  view  are  are  influenced  by  noise  in  the 
simulation. 
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A.l  Light  Sources 

The  simulations  were  done  with  a  Lambertian  light  source  and  a  collimated  beam.  For  each  light  source  a  uniform 
distribution  of  photons  over  the  source  area  is  assumed.  For  a  Lambertian  light  source  the  flux  seen  from  any  direction 
has  to  be  equal  therefore  the  probability  for  a  photon  to  have  a  zenith  angle,  9,  is  co8(0)sin(0).  The  direction  cosines 
can  then  be  calculated  from  zenith  and  azimuth  angles  generated  according  to 

9  =  arcsin  \/rand(0, 1)  ^  =  rand(0, 2x).  (8) 

A  collimated  beam  is  generated  by  setting  the  zenith  angle  to  0. 

A.2  Beam  attenuation 

The  medium  is  characterised  by  a  beam  attenuation  c.  For  a  beam  with  No  photons  travelling  in  a  certain  direction 
this  means  that  No{l  —  exp(— cs))  are  left  after  a  distance  s.  This  allows  us  to  set  a  mean  free  path  length  for  a 
photon  during  which  no  interaction  with  the  medium  takes  place.  The  probability  mass  function  and  the  probability 
distribution  function  are  given  by 


P(s)  =  cexp(— cs) 

(9) 

F(t  <  s)  =  /  P{t)dt  =  1  —  exp(— cs). 

Jo 

(10) 

After  inversion  a  mean  free  path  is  calculated  by: 

- 

mfp  =  —  In  (1  —  rand(0, 1))  /c. 

(11) 

A.3  Scattering 

The  angular  deviation  of  the  new  trajectory  with  respect  to  the  old  trajectory  is  governed  by  the  volume  scattering 
function  0{9).  The  probability  mass  and  distribution  function  are 

m  =  r  (12) 

Jo 


F{9><9)  =  2ir /%(«')  sin(0')d^. 
Jo 


(13) 


The  volume  scatter  functions  used  are  the  ones  measured  by  Petzold. 


The  direction  cosines  of  the  new  trajectory  of  the  particle  can  be  csdculated  from  the  current  direction  cosines  and 
from  a  generated  deviation,  9,  and  a  generated  azimuth  angle,  around  the  current  trajectory. 

A.3.1  Direction  cosines  after  scattering 


A  trajectory  of  a  particle  can  be  described  by  the  following  direction  vector 

s  =  (dx,dy,dz)  =  (coey7sini?,sin^sini9,cost7), 
with  zenith  emgle,  9,  and  azimuth  angle,  <p.  We  want  to  find  a  new  direction  vector, 

s'  =  (dx',  dj/,  dz')  =  (cos  sin  tf',  sin  ip'  sin  9',  cos  9*), 


(14) 


(15) 


which  makes  a  angle  9  with  the  old  vector  but  whose  direction  is  further  arbitrary.  See  Figure  5  for  the  angles  involved. 
From  the  following  results  of  spherical  trigonometry, 


sin  A 
sin  a 


sin  B  _  ova  C 
sin 6  sine  ’ 


(16) 
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Figure  5:  Direction  cosines  after  scattering.  This  figure  shows  the  angles  involved  when  calculating  the  direction  canines  after 
scattering  over  0  of  a  beam  having  direction  initially. 


8in6cosC  =  coscsina  —  sinccosacosB, 
cos  6  =  cosccosa  +  sincsinacosB. 

we  can  derive  the  new  directione  vector.  From  equation  16  it  is  found  that 


sini?'  _  sing 
sin^  ~  sin(y>'  — 
dj/ coB<p-  dx'aintp  =  singsiny>. 


With  equation  17  we  get 


sin  d' co8(^' —  y>)  =  cos  g  sin  d  —  sin  geos  d  cos  ^ 
dx'cos^  + dj/sin^  =  cos  g  sin  d  —  sin  geos  d  cos 


Multiply  19  with  sin^  and  20  with  coa<p  and  subtracting  gives 

dx'  =  cos  Odx  —  sin  g  [sin  ^dy  +  cos  ^dzdx]  /  >/l  —  dz*. 
Multiply  19  with  cos  <p  and  20  with  airvp  and  subtracting  gives 

dj/  =  cos  0dy  +  sin  9  [sin  0dx  —  cos  <pdzdy]  /  vl  — d^. 

With  equation  18  we  get 


cosd'  =  cos  d  cos  g  +  sin  d  sing  cos  ^ 
dz'  =  dzco8g+  \/l  —  dz*  sin  geos 


(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 
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ABSTRACT 

The  shear  volume  of  profiling  ^pecumadiometer  data  is  increasing  dramatically  as  global  change  research  programs  are 
placing  mote  emfriiasis  on  the  evaluation  of  spatial  and  temporal  structure  of  ocean  biogeochemical  cycles.  For  example, 
the  Bermuda  BioOptics  Project  (BBOP)  collects  over  1000  profiles  each  year  in  order  to  link  time-series  observations  of 
primary  {Moduction  rates  to  bio-opdcal  parameters.  It  is  likely  that  these  trends  will  continue  as  there  are  several  satellite 
ocean  colm*  sensors  that  are  planned  to  be  deployed  between  now  and  the  end  of  the  century.  However,  these  vast  amounts 
of  data  must  be  calil»ated,  processed,  reduced,  analyzed,  and  interpreted  in  a  timely  manner.  Here,  we  present  a  computer 
data  processing  for  efficiently  achieving  this  goal,  in  terms  of  boA  computational  and  human  resources.  The  processing 
system  is  comiHised  of  a  suite  of  ANSI  C-h-  programs  that  read  and  operate  on  a  specified  file  format,  the  lowest  ctanmon 
denominatw  (IjCD)  data  file.  The  LCD  file  contains  ail  relevant  data  and  metadata  (which  include  calibration  informatiao 
and  at-sea  conunents)  in  a  single  ASCII  file.  UNIX  shell  scripts  are  used  in  the  control  of  data  flow  as  well  as  error  and 
log  handling.  The  final  product  is  a  burned  spectroradiometer  data  set  with  relevant  derived  parameters  included  (Kd(z,X), 
Rn(z,X),  ^(()',X).  etc.)  that  may  be  dissemituited  to  other  groups  or  data  bases.  At  UCSB,  we  have  been  using  the  BBOP 
system  for  the  past  two  years  and  the  system  is  available  for  use  by  other  research  groups. 


1.  INTRODUCTION 

It  is  well  recognized  that  ocean  optics  data  sets  have  huge  poimitial  for  addressing  many  aq)ects  of  ocean  biogeo¬ 
chemical  cycles  (cf.,  Dickey  and  Siegel,  1993).  To  be  effectively  used  in  interdisc^linary  studies,  such  as  the  Joint 
Global  Ocean  Flux  Study  (JGOFS),  t^cal  data  sets  must  be  m^  available  in  a  timely  manner.  For  example,  in  order 
to  effectively  collaborate  with  other  investigators  in  the  KjOFS  Bermuda  Atlantic  Dme-series  Study  (BATS),  we  (the 
Bermuda  Bio-Optics  Project.  BBOP)  must  provide  and  inteiiuet  ocean  optical  data  sets  on  the  same  time  scale  as  our 
BATS  coUaboratms  ate  able  to  work  up  pigment,  primary  production  and  water  chemistry  data.  In  addition,  the 
calibration  and  validation  needs  of  the  upconung  ^  Viewing  Wide  Field-of-view  Senstu  (SeaWiFS)  satellite  ocean  cdor 
mission  requires  processed  ocean  optics  data  in  near  real-time  (e.g.,  McClain  si  gj.,  1993). 

In  our  opinion,  a  major  stumbling  block  in  the  dissemination  and  utilization  of  bio-optical  data  sets  has  been  the  ladt 
of  efficient  and  straight-forward  data  processing  schema.  Bio-optical  data  sets  have  sev^  characteristics  whidi  make  their 
"final"  products  difficult  to  fuxxluoe  quickly.  First,  they  tend  to  be  large  (several  Mb  eadi)  due  to  high  data  samfriing  rates 
and  a  diverse  parameter  range.  Second,  many  profiles  OO's  to  l(XX)'s)  ate  often  made  during  a  single  cruise  due  to 
experimental  design  and  the  at-sea  ease  of  making  these  {Kofiles.  Recalculation  of  measured  parameters  is  another 
characteristic  of  profiling  spectroradiometer  data  sets  that  is  often  necessary,  as  radimnetric  c^btations  are  at  times 
uncertain  (Mueller  and  Austin,  1992).  Each  year,  the  BBOP  sampling  ctdlects  over  1(X)0  q;)ectrcffadi(nneter  profiles  and 
the  instrument  is  re-calibrated  at  UCSB  four  times  each  yeiff.  In  order  to  effectively  meet  our  scientific  and  adlabmation 
goals,  we  must  efficiently  process  and  analyze  these  data. 

In  anticipation  of  this  large  volume  of  data  as  well  as  tiie  rapid  turn-around  requirements  imposed  by  the  calilMation  and 
validation  of  satellite  data  sets,  we  devel(q)ed  a  new  data  processing  system  for  Ivge  volumes  of  multiq;)eciral  profile  data. 
In  what  follows,  we  will  introduce  the  structure  and  data  flow  of  the  BBOP  data  processing  system.  This  manuscript  is 
intended  as  a  simplified  overview,  and  not  as  a  detailed  users  guide  (see  Siegel  sL  al- 1^  for  a  users  guide). 
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2.  PHILOSOPHY 

As  with  any  data prooes^g  system,  there  are  sevetal  coocqMual  and  phOosopIdcal  poddons  diat  need  lobe  taken  based 
on  the  scientific  goals  oi  the  projea  and  the  available  resources.  In  no  specific  order,  the  goals  of  the  BBCNP  data 
processing  system  are  to: 

•  utilize  existing  qtectroiadioaieter  analysis  methods, 

•  rqiidly  produce  final  archival  data  sets, 

•  minimize  human  intervention  steps, 

•  maximize  the  number  of  data  quality  assessment/assuiance  checks, 

•  generate  fully  self-describing  data  sets 

•  provide  data  files  in  ASCn  which  is  easily  read  and  edited, 

•  make  quick  looks  easy  to  obtain  at  several  stages  of  processing, 

•  include  processing  doannentatioo  in  the  data  files  at  eadistq), 

•  work  on  many  present  and  funire  computer  platforms, 

•  alkiw  much  of  the  data  leducdon  to  be  accomplished  by  an  expctienoed  undergraduate  student 

As  a  limitadoo  imposed  by  the  number  casts  generated  and  the  inqtosed  tqtid  turn-around  lequhanetus,  we  are  rnsMe 
to  manipulate  each  profile  i^vidually.  Therefore,  in  order  to  assure  (Equality,  many  efficient  qmdhy  assessment  and 
ccntrol  steps  must  be  implemented.  Known  sensor  problems  must  be  corrected  or  "flagged*.  Examples  of  known  sensor 
problems  include  low  signal  to  noise  ratios  in  irradiance  and  radiance  channels  near  the  dark  current  vahies  and  obvkns 
q)iking  in  data  fields  due  to  acquisition  errors.  These  problems  require  that  the  affected  data  values  be  rqilaoedwtt  trap 
ftegs(«-9.9fr«-3S)  so  that  no  procesting  is  performed  on  these  spurious  fields.  In  addition,  dteqnafity  of  the  data  for  some 
qtplications  is  affected  by  events  occurring  during  coUection,  including  excessive  package  tilts  and  variationB  ia  iaddeat 
illumination  during  a  cast  due  to  changes  in  cloud  cover.  These  events  require  that  entire  data  records  be  qualified  In 
these  cases,  a  new  field  is  created  containing  a  flag  which  defines  the  quality  of  the  data  based  on  data  valM  in  orm  or  two 
fields.  Data  records  containing  either  of  these  flags  (trap  or  quality)  can  be  later  deleted  or  accepted  by  making  shnple 
threshold  comparisons. 

Provi^ons  also  must  be  made  for  unknown  and  unexplained  sources  of  error.  These  nu^  be  simple,  the  complete 
failure  of  a  channel,  or  insidious,  the  slow  change  in  a  calibration  constanL  To  catch  these  errors,  pkMs  must  be  made  of 
several  important  quantities  on  a  regular  basis.  These  tnay  be  qiectia  of  calculated  diffuse  attenuatiao  coefficients, 
reflection  ratios  or  simply  profiles  of  processed  CTD  variables.  Ihe  BBCX’ data  processing  system  streamlines  the 
plotting  of  important  parameters  by  iJlowing  quick  ouqwt  of  selected  variables  as  simple  ASC3I  files  which  we  easily 
read  and  mani^Iated  by  plotting  programs. 

The  documentation  of  data  processing  procedures  is  oftwi  neglected  in  many  data  processing  sdiemes.  Forexattq)le,it 
is  essential  to  trace  changes  in  calibration  constants.  Things  as  simple  as  the  digital  filtering  method  used  are  also 
important  characteristics  imposed  upon  a  data  set  As  part  of  the  BBOP  data  processing  system,  processing  documentation 
is  added  automatically  to  the  data  file  so  that  every  data  user  knows  explicitly  what  was  dm  to  data  file. 


3.  LC!D  FILE  FORMAT 

At  the  heart  of  the  BBOP  processing  system  is  the  LQ3  file  (least  common  denominator  data  set)  and  its  Structure.  The 
LCD  file  is  self-contained,  with  all  pertimtbeada,calibnUion  and  processing  history  induded.  Thissysiemis 
somewhat  redundant  since  much  the  header  and  calibration  data  win  be  identical  for  aD  casts  in  a  crtii^  however,  the 
benefits  of  easy  access  to  caUbtation  constants  and  processing  history  for  outweigh  the  cost  of  slightiy  larger  data  files. 
During  the  first  18  months  of  the  BBOP  project,  we  have  required  20  difforent  caUbration  files  due  to  chaiges  in 
qiecttoradiometercaUbration,  ancillary  instiuments  and  coUection  software.  Record  keqting  has  been  sinqilified  by 
recording  all  caUbration  information  rdthin  each  data  file.  TheLCDfilecanbestoredinacottqMessedfonruuiosaverndr 
apaoc. 

The  LCD  file  is  organized  into  five  tniyor  sections  separated  by  keywords  in  bradceis(<  >).  The  header  portion, 
<cruise_in£o>,  consists  of  general  information  about  the  cast  Wearied  fiom  several  sources.  The 
<sanpi«d_parameters>  and  <derived_paramecera>  sections  Contain  a  list  Of  the  Contents  of  the  data  fields  fiound  in  die 
<data>  section.  The  <sampiad_paramatara>  sectioo  also  contains  the  Calibration  constants.  At  the  end  of  the  LCD 
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file  is  tbe  <  f  i  1  ters_used>  sectioD  wUGh  oootaiiis  a  leoofd  of  all  BBC^  prognuns  apidied  to  tile  file  as  well  as  any 
statistical  output  geneiated  by  tile  prognuns.  Exoeqits  of  a  LCD  file  aie^wn  below  after  some  processing. 


Exanqile  of  a  LCD  file: 

<arttls«_lBeo> 

filename  alll292£ 
date  11-12-1992 
position  31  17.96  64  18.81 
cruise  bSO 


cast id  index 

alll292£.dtl  2.5000000e-f01 
alll292£.dbl  4.9100000e4'02 
alll292£.ubl  5.2000000e-f02 
alll292£.utl  9.2000000e-^02 


lmer_time 

1.8150000e-)-01 

1.3S02500e4-02 

1.4727500e+02 

2.4760000e-f02 


'<saapled_paraBeters> 

led410  0.  4.547500e-02  1.603000e-03 


Idepth 

1.3406400e-i-00 

1.2275800e-(-02 

1.2317100e+02 

1.11740006400 


<derlTed_paraBeters> 

kc-led410 


'<data> 

-9.900000e-f35  3.457528e401  3.790249e-f01  4.2422S8e-f01  ... 

<£llters_used> 

bscalc  -£r  led410  1  20  hffldqalll292£.lcd.l  bhffldqalll292£.lcd.l 

tstats  - >  samples  =  19  abdev  =  1.663616e-01  int  =  3.4575286401  slope  s  9.904044e-01  min 

=  9.8722076400  max  =  3.7729646401  mean  =  2. 8638366401  stdDev  =  1.3641066400  var  = 
1.1012106400  confidence (95)  =  1.3817706400 

bbopkc  -£a  led410  10  bhmdqalll292£.lcd.l  kbhindqalll292£.lcd.l 


3.1.  Building  the  LCD  fiU 

Tbe  LCD  file  structure  is  required  by  all  BBOPfilten  and  so^.  Tbecboioe  of  a  conversion  program  dqiends  on  the 
software  used  to  odlect  the  data.  If  tbe  data  have  been  adkcted  with  Bioqiberical  Instrument’s  M24-PRCX^  software,  the 
LCD  file  can  be  created  with  the  BBOP  program,  merZIcd.  The  LCD  file  is  created  fiom  the  card,  binary  and  calibcatioo 
files.  The  output  is  an  LCD  file  containing  all  the  necessary  features  with  an  abbreviated  header  which  can  be  augmoited 
later  or  concurrently  by  using  the  BBOP  sheU  script  snikM  (see  section  4.1).  Once  the  LCD  file  is  completed,  it  is 
ready  for  processing  using  the  BBCX*  filters. 


4.  BBOP  FILTERS 

The  BBOP  filters  are  a  suite  of  UNIX  programs  designed  to  perform  a  variety  of  functions  in  the  processing  of  LCD 
data  files  (Table  1).  The  filters  are  designed  as  stand  alone  programs  that  can  be  qtplied  to  LCD  files  directly  or  embedded 
in  shell  scripts.  The  BBOP  Filters  are  built  using  g-H-  (gcc)  version  2.4.0  and  are  stable  on  Sun  Sparc,  DK  Ultrix,  and 
Silicon  Gnqihics  platforms.  The  BBCH*  filters  will  either  replace  data  values  within  the  <data>  section  of  the  LCD  file 
and/or  add  new  d^  fields.  New  data  field  names  are  placed  in  the  <derivedj^rameters>  section  and  can  be  operated  on 
by  most  of  the  filters  in  the  same  way  as  those  in  the  <sampied_paramecers>  section. 

All  filters  share  certain  fundamental  features; 

•  Hlters  read  and  operate  on  an  external  ASC3I  file  and  create  an  ouqwt  file  with  a  name  qiedfied  by  the  user  (with  the 
exception  of  blx^biii,  which  creates  the  outfUe  name  using  the  infile  name). 

•  Hlters  require  that  LCD  files  contain  all  the  keywords  described  above. 

•  Hlters  qipend  their  command  lines  to  the  <£iiter8_used>  section  (tf  the  ouqMit  file. 

•  Filters  will  not  operate  on  a  field  if  the  same  filter  and  arguments  have  been  us^  before  or  if  the  new  field  name 
already  exists. 
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FILTER 


DESCRIPTION 


iner2lcd 


bboprecal 


bboprad 


bbopan 


bbopk 


bbopdespikc 


bbophlo 


bbopbin 


bbopkc 


bboptrans 


bbopmath 


bbopfutil 


bbopdefla 


creates  the  LCD  file  Crom  the  card,  binary  and  calibration  files 


recalibrates  sampled  parameters  based  on  new  scales  and  offsets 


compares  data  to  thresholds  and  replaces  them  with  trapflass  if  below 


compares  package  anale  data  to  a  constant  and  writes  a  quality  fla 


calculates  incident  irradiance  changes  over  a  depth  interval  and  writes  a  quali 


flags  spikes  based  on  thresholds  and  forward  first  difference  and/or  slope  difference, 
replacing  data  with  a  mean  of  windowed  points 


smooths  data  using  a  moving  arithmetic  mean  window 


calculates  water  properties  using  UNESCO  FORTRAN  routines 


breaks  the  cast  into  profiles,  sorts  the  profiles  on  depth  and  averages  data  over  depth 
intervals  creating  new  LCD  files  for  each  profile. 


window 


extrapolates  data  to  a  NULL  depth  over  a  s 


calculates  attenuation  coefficients 


orms  transformation  operations  flo 


,  sin,  etc.)  on  data 


performs  simple  math  qierations  with  data  by  colunms,  or  by  one  operand  and  a 
scalar 


extracts  or  removes  fields  from  a  LCD  file  and  writes  the  result  as  a  new  LCD  file 


removes  or  keeps  lines  of  data  based  on  flag  values  and  thresholds 


extracts  LCD  data  columns  and  writes  them  to  a  simple  ascii  file 


Figure  1:  Schematic  cartoon  tracing  some  of  the  processing  steps  used  in  BBOP.  The  outer  shell  holds  the  shell  scriptfs) 
which  intern  call  the  BBOP  filter(s)  within  the  box.  The  resulting  files  are  birmed,  qualified  LCD  files  for  archiving. 
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4.1.  iMking  BBOP  filters  with  scripts 

Tbe  flow  of  data  processing  is  controlled  using  UNIX  shell  scr^  written  in  the  boume  and  bash  shells,  lliese  scrqNs 
can  create  and  extiaa  header  infonnadoo,  build  IXD  files  and  call  graidiics  packages  and/or  BBOP  filters.  Tbeacr^aro 
used  to  point  ID  the  qiptr^Miale  directories,  aitomate  processing,  check  for  errors  in  executioo  and  iqtdate  log  files.  Figtie 
1  illustrates  the  overall  structure  of  the  BBOP  processing  system.  The  scr^tts  currently  used  are  sununatized  in  TaUe  2. 
The  scripts  calling  individual  BBOP  fillers  can  be  run  ringly,  or  more  cmunonly,  are  combined  in  a  global  script 
(scmds).  By  combining  tbe  scr4>ts  and  utilizing  tbe  UNIX  environment  we  are  able  to  automate  tbe  entire  data 
processing  system.  The  following  is  an  example  of  tbe  global  scr^  sands,  processing  a  recalibrated  LCD  file  through 
completion: 

# ! / local /gnu/bln/bash 
lc(l_£lles'basenaine  $1' 
logf ile=$PWD/log/${lc<i_file)  .log 
{ 

echo  -n  •$lcd_file  :  *;  date 
srakg  $lScfc\ 

sdespike  q${lcd_£ile}&fcnn  q$(lcd_£ile}S&\ 
s£movavg  dq$(lcd_£lle}&(irnt  dq${lcd_£iie}&&\ 
sh2o  indq${lcd_£lle}&&rm  indq$(lcd_£ile}&&\ 
sbln  hnidq${lcd_£lle)&&\ 

{  £or  £ilename  in  'Is  hmdq$(lcd_£ile} 
do 

sbsc  $£ilename&&\ 

skc  b$(£llename}&&rm  bhmdq$(lcd_£ile} 
smath  kb$(£llename} 
done  } 
date 

}  2>«tl  I  tee  -a  $log£ile 


The  construct  allows  the  following  command  to  be  mieculed  only  if  dx:  command  preceding  it  is  successful  (returns 

a  zero  exit  value).  This  insures  diat  if  one  step  fmls,  die  running  of  die  script  on  a  particular  file  will  stop.  Thestandard 
ou^ut  of  each  script  is  sent  to  a  log  file  for  each  LCD.  Eadi  script  called  in  scmds,  prefixes  a  unique  letter  to  the  iqiut 
file  name.  For  example,  hmdqa010193.1cd  indicates  that  the  scripts  sraku,  sdespike,  smpvavg  and  s]i;2o  have  been 
run  on  the  LCD  file  a010193.1<^.  In  scmds,  most  intomediate  L(D  files  are  removed,  with  the  excqidon  of  die  files 
that  i»eoede  and  follow  bbopbln,  which  are  later  archived.  Hies  are  available  for  quick  lodes  at  any  stqi  within  the 
processing  sequoice. 


SCRIPT 

DESCRIPTION 

smkied 

creates  the  LCD  file  from  the  card,  binary  and  calibration  files  and  cruise  notes 

szcorr 

recalculates  tbe  pressure  channel  using  a  new  cruise  offset 

stranscorr 

recalculates  tbe  transmissomeler  diannel  using  the  new  cruise  air  calibradou  and  dark 
offset 

sbt 

determines  and  bottoms  of  profiles  using  an  interaedve  Matlab®  script  and 

inserts  the  casdd  table  into  the  LCD  header  section. 

srakq 

qualifies  data  based  on  daik  value  thresholds,  instrument  dlt  and  constant  surface 
illumination  intensity. 

sdespike 

despikes  conductivity,  temperature,  fluorameter  and  Iransmissometer  channels  twice 
(two  passes) 

smovavg 

smoothes  deqiiked  conductivity,  temperature,  fluorometCT  and  transmissometer 
channels. 

sh2o 

calculates  salinity,  sigma,  sigma-t,  potential  temp  and  rigma-ibeia 

sbin 

breaks  cast  into  profiles,  sorts  and  averages  data  into  Im  bins 
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sbsc 

extrapcdates  below  surface  irradiance  and  radiance  10  a  NULL  depth  over  a  predefined 
window  usins  the  robust  alsorithm 

skc 

calculates  attenuation  coefficients  over  a  10m  moving  window 

smath 

calculates  irradianoe  and  radiance  products  and  ratios 

sdeflac 

removes  data  lines  containing  trapflags 

SlOOD 

scmds 

automates  the  entire  BBOP  iMDcessing  system  (see  example  script  above)  I 

Table  2.  UNIX  shell  scripts  used  in  the  BBOP  data  processing  system. 

5.  DATA  PROCESSING  STEPS 


5.1.  Bottom-top  indexing  (sbt) 

Because  the  LCD  file  must  eventually  be  split  into  individual  profiles,  eacb  cast  is  examined  to  determine  die  tops  and 
bottoms  of  down-  and  up-casts.  Initially,  we  pursued  an  automated  method  of  marinng  these  points,  but  found  that  the 
great  variety  in  the  shape  of  the  time  vs.  depth  curve  made  this  determinatioa  prohibitively  oomplicaied.  We  decided  that 
the  time  vs.  depih  curve  must  be  evaluated  numualty  for  each  cast  There  are  any  number  of  ways  this  could  be  done,  we 
have  diosen  to  use  M  atlab®  as  a  gra|diical  user  interface  to  allow  a  trained  user  to  interactively  select  these  points.  A 
table  comprised  of  a  header  line  and  oorreqiooding  indices  and  dqiths  is  inserted  into  the  <cruise_in£o>  section  of  the 
LCD  file  (see  the  example  LCD  file  above).  Ibese  indices  and  depths  are  poaus  marking  the  tops  and  bottoms  of  the 
profiles  within  the  cast  Once  these  data  are  inserted,  die  first  line  of  the  tahk,  beginning  "castid”  functions  as  alisttrf 
keywords.  The  data  within  this  table  are  used  by  bbo|dui  in  antkipalion  of  the  binning  process  and  then  by  bbopbin. 

5.2.  Heculibruridn; 

Recalibratioo  may  be  necessary  doe  to  changing  instrument  cahbntion  constants,  at  sea  aimoqiheric  pressure  offsets 
and/or  (hanging  transmissometer  offsets.  Ibe  BBCX*  filter  bboprccal  converts  data  from  oigineering  units  to  v(dtages 
using  the  scale  and  offset  values  from  the  <sampied_paraneters>  section  and  converts  badr  to  engineering  units  using 
the  scale  and  offset  values  from  the  command  line.  The  new  scale  and  offset  constants  are  insetted  following  the  variable 
name  in  the  <sainpied_paraineters>  section  maintaining  a  calibration  history  within  the  LCD  file.  Recalibration  is  not 
implemented  for  Seabird  (CTD)  sampled  parameters  or  derived  fidds. 

5.3.  Data  qualification 

Because  our  approach  minimizes  human  intervention,  we  have  attempted  to  maximize  the  number  oi  data  quality 
assessment/assurance  checks  (hat  are  made  as  part  ofour  BBOP  data  processing.  Ibe  first  data  qualification  uses 
bbopradq  to  asses  the  ambient  light  levels  for  each  charmeL  When  ambient  light  levels  fall  bdow  some  predefined 
level,  the  individual  data  fields  are  rqilaced  by  a  trqi  flag  (B-9.9et-35).  At  all  later  stages  of  BB(X*  processing,  flagged 
fields  are  not  operated  upon.  Lines  containing  diese  flags  can  be  later  deleted  using  bb<q;idcflag  or  in  an  qiplicatioo 
program. 

Tbe  bbopangq  filter  qualifies  lines  of  data  based  on  the  (dotation  of  the  radiometer  in  the  water,  since  spectral  data 
may  be  compromised  by  excessive  tilting  of  the  instrument  This  filter  creates  a  new  field  containing  a  (piality  flag  rather 
than  replacing  data  in  a  field. 

Accuracy  of  the  diffuse  attenuation  coefficient  calculation  is  strongly  &spendeM  on  a  constant  intensity  of  inckleat 
radiation  during  the  calculation  time  interval,  bbopkq  is  used  to  identify  the  segments  of  die  cast  over  which  surface 
illumination  is  steady  enough  for  the  Effuse  attenuation  coefficient  to  be  accurately  determined,  bbopkq  uses  tbe  casdd 
table  infonnation  to  perfcnm  its  qualificatioa  in  anttcipatioo  of  binning  and  calculadon  of  attenuafion  oo^dents 
(bbopkc,  section  5.8).  bbopkq  calculates  tbe  standard  deviation  and  tbe  mean  of  die  first  difference  for  the  group  of 
points  centered  at  each  data  line  within  the  user-selected  dqxh  interval  (in  meters)  over  vriiich  the  attenuation  coefficients 
will  be  calculated.  Ibe  user  also  qiecifies  a  threshold  values  for  the  standard  deviation  and  maximum  first  difference  with 
which  bbopkq  compares  its  calculated  values  and  writes  a  quality  flag  into  a  new  field  dqiendent  upon  tbe  results  of  tbe 
comparison.  Later,  these  flag  values  can  be  used  to  assess  die  qudity  oi  the  calculated  diffuse  attenuation  coefficients  (see 
figure  2). 
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Incident  Irradiance  and  KQ  Rags 


mer.time  (lec) 


5.4.  DespUdng  and  smoothing 

Two  types  of  digital  low-pass  fillefs  are  used  to 
reduce  qMirious  data  values  (qHkes)  within  the 
BBCM^diaa  processing  system.  Ihefirstfilier 
(bbopdcspllu)  uses  two  oiterioo  (eidier  togedier 
or  individually)  to  flag  potential  data  spires. 
Flagged  values  are  either  iqdaoed  with  arithmetic 
means  over  a  user  defined  window  or  tnq>  flags  if  no 
valid  (nonflagged)  data  exists  within  that  window. 
The  criteria  are  based  upon  either  a  forward  first 
difference  aitd/or  a  forward  slope  dififetenoe  oooqiared 
to  specified  ihiesiKdd  values.  The  second  filter, 
bbopmovavg,  uses  a  moving  arithmetic  mean 
(boxcar)  with  the  witKiow  size  defined  by  the  user. 
De^Ddng  and  smoothing  ate  carried  out  on 
temperature,  conductivity,  ttansmissometer  and 
fluorometer  fields  only.  Both  the  deducing  and 
moving  average  filters  create  new  fiel^  leaving  the 
input  field  untouched. 

5.5.  CTD  calculations 


bbophlo  calculates  water  characteristics  using 
the  standard  UNESCO  FORTRAN  routines  arid 
writes  the  calculated  parameter  as  a  new  field  in  the 
LCD  file,  bbr^hlo  must  have  despiked 
temperature  and  conductivity  data  to  produce  a 
smooth  salinity  profile.  Time  constant  differences 
between  the  conductivity  and  temperaaure  sensors 
are  accounted  for  using  a  single-pole  digital  filter.  The  following  parameters  are  calculated;  skmity,  in  situ  density,  Ot, 
potential  temperature,  09,  and  coefficients  of  thermal  and  saline  expansion. 


Figure  2.  Incident  downwelling  irradiance  (solid)  and  KQ  flags 
produced  by  bbopkq.  Regions  of  rKm-zero  KQ  flags  (shaded) 
indicate  periods  where  the  calculation  of  Kd(z,X)  may  be  uncertain 
due  to  variable  incident  irradiance.  Lines  of  data  can  be  later  deleted 
or  accepted  using  bbopdeflag  and  user  specified  flag  thresholds. 


5.6.  Binning 

A  cast  may  contain  from  one  to  several  up  or  down  profiles  (yo-yo's)  and  hence,  may  not  be  monotone  in  dqMb.  The 
biiuiing  filter,  bbopbin,  uses  the  information  from  the  castid  table  to  break  up  the  LC3>  file  into  individual  d^gbter 
profiles  that  are  sorted  based  on  pressure  and  conqiacted  using  arithmetic  averages  over  a  pressure  interval  (bin  ±fip).  The 
resulting  pressure  field  for  each  binned  profile  is  also  binned  to  evaluate  the  "true"  dqMb  of  each  Innned  data  record.  Each 
daughter  LCD  file  retairts  the  complete  header  and  processing  history  of  the  original  LCD  file  and  contains  2  new 
<derived_parameters>  fields  named  bin_m,  wh^  "m”  is  the  interval  chosen  by  the  user,  and  birupts,  containing  the 
number  of  raw  bandwidth  data  records  that  have  been  averaged  into  that  bin.  If  tte  file  is  missing  pressure  interval  data 
near  the  surface,  bbopbin  fills  in  the  lines  for  the  missing  bins  with  trap  flags  such  that  the  binned  LCD  file  begins  at 
its  lowest  bin  interval  (i.e.,  1.0)  and  increases  monotonically. 

5.7.  Null  depth  extrapolations 

The  determination  of  optical  fluxes  just  beneath  the  sea  surface,  or  at  NULL  dqrth,  are  of  obvious  relevance  for  ocean 
color  remote  sensing  (e.g.,  Dickey  and  Siegel,  1993;  McClain  fit  aL>  1993).  Tbe  direct  determination  of  NULL  dq>di 
qxical  signals  is  particularly  difficult  due  to  high  levels  of  surface  wave  glint  noise  and  uncertain  water  dq>th 
determinations.  In  order  to  provide  accurate  data  at  a  NULL  depth  (z  sty)  for  the  irradiance  and  radiatKX  channels, 
profiling  data  sets  must  extrrqmlate  their  signals  to  the  sea  surface.  The  BBCH*  filter  bscalc  employs  an  algorithm  which 
statistically  extrrqwlates  a  depth  profile  to  the  surface  over  a  user-q)ecified  dqNh  interval,  bwak  allows  the  user  to 
qiecify  both  the  upper  and  lower  bounds  in  the  extr^lation  interval  and  the  k^-transformed  fields  are  extrapolated  to  the 
sea  si^ace  using  tte  Beer-Lambert  relation  (Smith  and  Baker,  1986;  Siegel  and  Didcey,  1987).  Two  extnqKilation 
algorithms  are  currently  available,  the  standard  dii-square  Qc^)  algorithm  and  a  robust  algorithm  which  eliininaies  points 
greater  than  2  standard  deviations  fmn  the  mean  (Ptks  fit  al-t  1990).  bscalc  does  not  nudee  any  derived  fields,  but  rather 


SPIE  Vo/.  2258  Ocean  '^ntics  XII  (1994)  /  545 


creates  a  new  line  of  data  at  the  top  of  the  <data>  section  with  ”0*  in  the  bin_pi  field  md  tny>  flags  in  any  field  for  whidi 
the  extnq»lation  was  not  calculate  Statistics  for  the  extrapolation  fits  are  included  following  the  command  line  in  the 
<f  iicers_used>  section  (see  the  examine  LCD  file  above). 

5.8.  Attenuation  coefficient  (K)  calculations 

The  BBOP  filter  bbopkc  calculates  the  attenuation  coeflkioit  OQKzJl))  at  eadi  binned  depth  interval  using  the  Beer- 
Lambert  relation  by  employing  a  sliding  regression  window.  This  procedure  is  similaf  to  thatemplt^ed  by  Smith  and 
Baker  (1984)  and  Siegel  and  Dickey  (1987).  The  user  ^lecifies  the  channd,  algorithm  aid  depth  window  over  which  to 
perform  the  regressions  using  dther  standard  chi-square  or  robust  algorithms  (Press  a  al-.  1990).  We  decided  not  to 
normalize  the  underwater  irradiance  fields  to  simultaneous  above  water  inadianoe  data  for  the  K<Kz,X)  rainiiaHnnt  Our 
^;»(Hoach  is  to  seled  profiles  that  are  free  from  perturbations,  and  to  create  composites  of  profiles  based  on  bbopkq  KQ 
flags.  This  choice  was  done  as  it  is  unclea  whether  the  normalization  would  be  relevant  in  a  quickly  dianging  irradianoe 
field  due  to  passing  of  small  convective  cloud  elements.  Further,  we  are  uncertain  whether  a  surface  irradiance 
normalization  routine  will  mask  any  variations  associated  with  the  incident  radiance  distribution.  The  dqith  window  used 
with  bbopkc  should  be  the  same  as  was  used  for  bbopkq. 

5.9.  Simple  math  and  transformation  calculations 

A  variety  of  "utility"  BBOP  filters  ate  also  available.  For  example,  bbopmath  perfrxms  sinqile  math  operations  on 
LCD  data  fields  (add.  subtract,  multiply,  ratio),  and  adds  a  new  field  to  the  data  section,  bboptrans  performs  simple 
math  transformations  (log,  exp,  sin,  asin,  sqrt,  etc...)  on  the  data  and  adds  a  new  field  to  the  data  section.  Both  there  tools 
are  used  in  the  final  stages  of  processing  to  produce  spectral  ratios  and  reflectance  ratios  as  well  as  calculate  the  beam 
attenuation  coefficients  for  the  transmissometry  field. 

6.  (DNCLUSIQNS  AND  AVAn.ABn.lTY 

The  BBOP  data  processing  system  has  allowed  us  to  meet  our  data  processing  goals.  By  making  this  system  available 
to  the  community  we  hope  that  other  investigators  will  benefit  fimn  tte  investments  made  at  UC^B  and  to  make 
incremental  improvements  to  the  existing  system.  It  is  intended  that  investigators  will  customize  and/or  rewrite  die  filters 
and  scripts  to  suit  their  own  needs  and  systems  as  well  as  contribute  suggestions  for  improvement  This  processing 
system  and  source  code  are  available  to  anyone  via  anonymous  fq>  from  eos .  ucsb .  edu  (/pub/BBop/soft).  However,  the 
BBOP  data  processing  system  is  not  intended  as  a  software  product.  The  usual  fiee  software  licensing  caveats  qiply. 
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The  use  of  a  laser  stripe  illuminator  for  enhanced  underwater  viewing 
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ABSTRACT 

A  laser-based  illumination  system  that  can  be  incorporated  into  the  existing  underwater  viewing  ^stem  of  current  remotely 
operated  vehicles  (ROVs)  has  been  investigated.  A  stripe  of  projected  laser  light  is  scanned  over  the  target  and  resultant 
image  frames  are  processed  and  combined  to  produce  a  computer  generated  composite  image. 

Initially,  the  ^stem  was  characterised  through  trials  in  the  underwater  optical  test  facility  at  Cranfield  where  water  conditions 
are  easily  controlled.  Subsequently,  further  work  was  carried  out  on  a  self-contained  underwater  unit  at  a  flooded  quarry  in 
Leicestershire. 

Several  advantages  of  this  technique  have  been  identified  from  the  laboritory  and  field  trials.  Scanning  the  laser  source  allows 
greater  control  of  the  lighting  envelope  resulting  in  more  optically  uniform  images.  Contrast  improvements  of  300%  and 
range  improvements  of  S0%  over  orthodox  ^sterns  have  been  measured.  The  use  of  image  processing  allows  a  greater  degree 
of  flexibility  in  image  presentation  and  because  this  methodology  is  based  on  a  standard  underwater  camera,  it  is 
complementary  and  can  be  fitted  retrospectively  at  relatively  low  cost. 

Applications  are  seen  to  exist  in  ROV  navigation  and  structural  inaction. 


1.  INTRODUCTION 

Separating  the  lighting  from  the  camera,  reducing  the  beam  spread  and  the  use  of  multiple  spotlights  to  replace  a  single 
floodlight  are  all  measures  that  can  be  employed  to  improve  underwater  images  when  using  conventional  illumination' 
The  basis  for  all  these  improvements  is  the  reduction  of  the  so  called  common  backscatter  volume.  By  simple  geometrical 
considerations,  this  can  be  further  reduced  by  the  use  of  a  stripe  of  light  projected  perpendicular  to  the  camera  to  light  source 
axis.  Since  the  use  of  a  stripe  of  light  only  illuminates  a  part  of  the  intended  target,  the  stripe  has  to  be  scanned  to  cover  the 
whole  target  or  the  forward  motion  of  the  vehicle  can  be  used  in  the  case  of  an  ocean  bottom  survey  type  application.  The 
result  in  each  case  is  a  sequence  of  images  and  the  illuminated  part  of  the  target  can  be  exuacted  from  each  individual  image 
by  a  number  of  image  processing  techniques.  In  this  way  the  backscatter  caused  by  the  outgoing  laser  stripe  is  effectively 
removed.  The  extracted  stripes  are  tlien  added  together  to  produce  a  composite  image.  Depending  on  the  stripe  separation 
algorithm  employed,  this  process  may  be  carried  out  in  real  time  by  hardware  implemented  image  processing. 

This  technique  was  first  proposed  by  Jaffe^  *^’  using  an  incoherent  lighting  source.  Such  a  source  could  be  produced  simply 
and  cost-effectively.  The  major  problem  with  such  a  source  is  in  producing  a  stripe  with  clean  edges,  and  even  illumination 
along  its  whole  length.  With  a  laser  source  the  optical  properties  of  the  stripe  were  likely  to  be  far  superior.  Until  recently, 
lasers  operating  at  suitable  wavelengths  have  been  costly  and  too  fragile  for  such  applications.  However,  the  availability  of 
high  power,  rugged,  solid-state  green  light  emitting  lasers,  has  stimulated  further  investigation  of  this  technique. 
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2.  LABORATORY  LASER  STRIPE  MEASUREMENTS 


Measurements  on  the  formation  and  characteristics  of  laser  stripes  were  carried  out  in  a  small  (4x4x3  metres  deep) 
research  tank.  The  sides  were  painted  black  to  minimise  reflections  and  all  external  light  could  be  excluded  by  the  use  of 
a  floating  cover.  To  avoid  power  limitation  constraints  in  these  experiments,  a  S  W  Argon  ion  laser  was  used.  Since  it  was 
impractical  to  house  this  laser  underwater,  its  beam  was  delivered  into  the  water  through  a  window  at  one  end  of  the  tank. 
This  also  allowed  the  scanning  ^stem  to  be  placed  in  an  easily  accessible  location.  A  standard  underwater  SIT  camera  and 
a  1  kW,  80°  beam  divergence,  incandescent  underwater  lamp  were  mounted  on  a  wet  frame  such  that  the  laser  scanner  and 
lamp  were  separated  from  the  camera  by  0.5  m.  This  arrangement  allowed  an  effective  viewing  range  of  3  m  to  the  opposite 
wall  and  is  shown  in  Figure  1. 

Particulate  matter  in  the  form  of  a  Bentonite  slurry  was  added  to  the  water  to  increase  the  turbidity.  The  absorption  function 
of  the  water  was  not  altered.  With  the  water  circulation  ^stem  used,  it  was  found  that  a  homogeneous  turbidity  could  be 
maintained  throughout  the  field  of  view.  Bentonite  could  be  removed  by  allowing  it  to  settle  or  by  filtering  through  sand  for 
rapid  water  cleaning. 


2.1  Image  and  target  plane  measurements 

In  order  to  investigate  the  effect  of  the  scattering  medium  on  the  projected  stripe  and  compare  the  stripe  at  the  target  to  the 
stripe  perceived  by  the  camera,  simultaneous  measurements  were  taken  in  the  target  and  image  planes.  These  were  undertaken 
by  projecting  a  3  cm  wide  laser  stripe  onto  the  black  surface  of  the  tank  wall  which  was  considered  as  the  target  plane.  The 
target  plane  profile  was  measured  by  scanning  a  submersible  photocell  vertically  through  the  horizontal  stripe.  This  was 
carried  out  for  a  range  of  turbidities  having  attenuation  coefficients  between  0.2S  m  '  and  1.4  m  '.  Simultaneously,  images 
obtained  with  the  SIT  camera  were  displayed  and  vertical  cross  sections  through  the  image  of  the  stripe  were  measured.  These 
results,  presented  side  by  side  for  a  range  of  turbidities,  are  shown  in  Figure  2. 

From  Figure  2,  it  can  be  seen  immediately  that  the  stripe  is  always  present  in  the  target  plane  even  though  it  is  not  always 
present  in  the  image  plane.  This  is  to  be  expected,  since  as  the  number  of  scattering  events  increases,  backscattered  light  from 
the  outgoing  sheet  of  light  is  of  greater  intensity  than  the  light  from  the  relatively  weak  stripe.  This  effect  is  clearly  seen  in 
pseudocoloured  images  of  the  outgoing  laser  sheet.  Bright  near  field  backscatter  events  also  cause  the  automatic  camera  iris 
to  shut  down  which  increases  the  depth  of  field  of  the  camera,  thus  exacerbating  the  problem  further.  Hence  in  turbid 
conditions,  the  stripe  methodology  is  limited  in  exactly  the  same  way  as  a  conventional  lighting  system  and  this  is 
demonstrated  by  the  similarity  of  the  images  produced  by  the  two  systems. 

The  target  plane  measurements  reveal  that  the  laser  methodology  of  producing  a  stripe  is  successful  even  in  turbid  water. 
For  the  technique  to  be  successful,  a  good  stripe  boundary  is  necessary  to  allow  ea^  extraction  of  the  stripe  area  by  image 
processing  techniques.  As  scattering  increases,  the  stripe  is  seen  to  spread  as  expected  but  a  clear  stripe  is  still  present  when 
the  camera  is  conventionally  backscatter  limited.  Thus  it  is  the  SIT  camera  that  is  the  limiting  component  of  the  system  and 
future  work  will  address  the  use  of  alternative  cameras. 


2.2  Stripe  formation 

Forming  the  beam  into  a  stripe  was  obviously  fundamental  to  this  technique  and  various  methods  were  investigated.  The 
initial  criterion  was  for  the  stripe  length  to  be  able  to  match  the  field  of  view  of  the  camera  used.  For  this  reason,  acousto- 
optical  deflectors  were  not  considered  due  to  the  limited  deflection  angles  attainable.  The  three  techniques  investigated  were 
the  use  of  passive  optical  components  such  as  cylindrical  lenses,  polygon  scanners  and  galvanometer  scanners.  The  passive 
optical  component  approach  was  attractive  because  of  its  simplicity  and  low  cost.  However,  if  this  approach  was  taken  to 
stripe  formation,  an  active  scanner  would  still  be  necessary  to  scan  the  stripe  over  the  target. 
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In  order  to  carry  out  a  comparison  of  each  scanner  against  conventional  lighting,  a  black  and  white  bar  target  was  used.  The 
target  was  illuminated  at  3.5  m  range  in  various  turbidities  and  horizontal  cross  sections  were  taken  from  images  obtained 
as  shown  in  Figure  3. 

The  characteristics  of  images  obtained  with  the  conventional  illuminator  are  as  expected.  In  clear  water  a  good  image  is 
obtained  which  is  shown  by  good  contrast  in  the  cross  section.  As  the  turbidity  increases,  the  contrast  decreases  and  a 
difference  in  overall  light  intensity  across  the  image  is  seen  as  light  at  the  edges  is  attenuated  more  because  it  has  travelled 
slighly  further.  This  is  the  familiar  "tunnelling"  effect  common  to  underwater  images. 

Contrast  in  all  three  scanner  methods  is  seen  to  be  better  than  the  conventional  lamp.  However,  in  the  passive  and  polygon 
scaimer,  the  longer  pathlength  for  the  illuminating  beam  at  the  edge  of  the  image  results  in  an  intensity  fall  off  at  increased 
turbidity.  This  is  not  seen  with  the  galvanometer  scanner.  In  this  case,  the  amount  of  light  delivered  to  any  particular  point 
will  depend  on  the  fimction  used  to  drive  the  scanner,  which  in  these  experiments  was  a  sine  function.  This  results  in  the 
concave  shape  to  the  cross  section  seen  for  the  galvanometer  scanner  in  clear  water  as  more  light  is  delivered  to  the  edges 
as  the  mirror  slows  and  reverses  direction.  This  effect  is  advantageous  however  in  more  turbid  water  as  more  light  is 
delivered  where  most  attenuation  occurs.  The  result  is  the  flatly  illuminated  cross  section  shown  for  the  image  of  the  target 
taken  when  the  attenuation  coefficient  =  0.68  m  '.  This  technique  can  be  extended  such  that  if  a  galvanometer  scanner  is  used 
to  form  the  stripe,  a  driving  function  can  be  selected  to  provide  even  illumination  for  a  particular  turbidity.  This  would  result 
in  evenly  illuminated  images  without  recourse  to  computer  compensation. 


2.3  Stripe  contrast  measurements 

With  no  recognised  standard  to  assess  underwater  viewing  systems  known  to  the  authors,  the  black  and  white  bar  target 
provided  a  good  method  to  compare  the  performance  of  various  stripes  against  the  conventional  light  source.  In  an  attempt 
to  measure  a  continuum  of  results  from  a  conventional  beam  shape  to  a  narrow  stripe,  various  stripe  thicknesses  were 
projected  by  diverging  the  beam  prior  to  the  scanner.  By  the  use  of  a  diverging  lens  it  was  also  possible  to  produce  an 
illuminator  in  which  the  beam  spread  was  matched  to  the  field  of  view  of  the  camera  at  the  required  distance.  Conu-ast 
measurements  from  the  target  images  were  similar  to  those  taken  when  illuminating  with  the  conventional  lamp  which 
indicated  that  the  lamp  was  well  matched  geometrically  for  the  system  at  a  range  of  3.5  metres. 

Contrast  values  from  the  target  images  were  measured  and  are  plotted  as  a  function  of  turbidity  in  Figure  4.  It  can  be  seen 
that  target  contrast  is  improved  over  the  conventional  illuminator  in  all  cases  and  as  the  stripe  thickness  is  reduced,  reducing 
the  backscatter  volume  results  in  increased  contrast.  It  is  interesting  to  note  that  the  laser  stripe  ^stem  does  not  provide 
significantly  better  results  at  high  turbidities  (<1  m'')  in  this  configuration. 


3.  BUILDING  STRIPES  INTO  Z-DIMENSIONAL  IMAGES 

For  the  stripes  to  be  used  in  an  imaging  ^stem,  they  have  to  be  isolated  from  the  rest  of  the  image  and  several  stripes 
"sewn"  together  to  form  a  complete  composite  image.  Modified  thresholding,  temporal  differencing  and  edge  finding 
algorithms  were  developed  to  isolate  the  stripes  from  the  individual  images.  Both  water  turbidity  and  the  processing  speed 
dictate  which  particular  algorithm  is  most  suitable.  In  selecting  an  algorithm,  consideration  also  has  to  be  given  to  the  way 
in  which  the  image  processor  is  triggered  as  the  stripe  is  scanned  over  the  target.  For  instance  temporal  differencing  can 
easily  accommodate  overlapping  stripes  whereas  a  simple  thresholding  algorithm  would  result  in  areas  of  image  saturation 
when  overlapping  stripes  were  added  together. 

There  is  considerable  advantage  in  having  an  image  processing  ^stem  producing  the  final  image  as  the  user  can  decide  in 
what  format  the  final  images  are  presented.  For  example,  as  well  as  conventional  images  composed  of  a  series  of  adjacent 
stripes,  the  use  of  narrow  stripes  and  appropriate  spacing  results  in  structured  type  imaging  which  might  be  more  appropriate 
for  tasks  such  as  navigation  in  a  steel  jacket  structure.  A  hybrid  image  has  been  developed  that  uses  narrow,  closely  spaced 
stripes.  In  this  way,  spatial  information  is  represented  and  reflective  information  at  the  edges  of  the  stripes  gives  conventional 
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imaging  information.  The  close  proximity  of  the  stripes  allows  the  eye  to  use  this  information  as  for  a  normal  image.  In  this 
way,  normal  imaging  information  is  provided  with  the  advantages  of  structural  imaging.  Finally,  because  the  final  images 
are  computer  based,  they  can  easily  be  incorporated  into  other  computer  based  systems  such  as  an  inspection  data  base  or 
stored  on  optical  disks. 


4.  OPEN  WATER  TRIALS 

Although  the  closed  environment  of  the  tank  allowed  careful  control  of  the  scattering  properties  of  the  water,  it  did  not  allow 
viewing  over  longer  distances  to  be  carried  out.  For  this  purpose,  an  underwater  laser  scanning  unit  was  built  to  allow  stripe 
illumination  to  be  produced  at  open  water  test  sites.  The  electrical  power  requirements  for  the  Argon  ion  laser  used  in  the 
laboratory  work  precluded  its  use  and  so  a  diode-pumped,  frequency-doubled  NdrYAG  laser  capable  of  delivering  10  mW 
cw  radiation  of  S32  nm  wavelength  was  used.  The  laser  scanning  unit  and  conventional  illuminator  were  mounted  at  a  fixed 
separation  from  the  camera. 

In  order  to  avoid  the  effects  of  surface  reflections,  the  viewing  ^stem  was  suspended  pointing  downwards  under  a  boat  and 
the  target  beneath  lowered  to  progressively  greater  distances.  All  work  was  carried  out  at  night  to  minimise  the  effects  of 
stray  ambient  light.  Contrast  measurements  were  taken  from  target  images  using  the  conventional  light  and  the  laser  stripe. 
Although  the  principle  of  the  technique  was  demonstrated  with  this  arrangement,  the  10  mW  output  of  the  laser  proved  to 
be  power  limited  at  extended  ranges.  Figure  5  shows  an  image  of  the  target  illuminated  with  the  conventional  source,  a  single 
frame  from  the  stripe  illuminated  target  and  a  synthesized  composite  image  of  the  whole  target.  Despite  power  limitations, 
images  were  obtained  at  ranges  50%  greater  than  those  with  the  conventional  system  in  water  with  an  attenuation  coefficient 
of  0.8  m  '. 


5.  CONCLUSIONS 

Based  on  the  laboratory  and  open  water  trials,  the  following  possible  advantages  of  using  a  laser  stripe  for  underwater 

viewing  have  been  identified: 

1.  The  teclmique  provides  enhanced  contrast  of  images  (or  greater  viewing  range)  as  a  result  of  reducing  the 
backscatter  volume  in  classical  considerations. 

2.  Optically  flat  images  are  obtainable  (no  image  drop  off  at  edges)  if  an  appropriate  scanner  driving  function  is  used 
to  deliver  light  appropriate  to  the  optical  path. 

3.  There  are  no  depth  of  field  limitations  since  the  image  processing  ^stem  automatically  locates  the  stripe  in  the 
camera  image  plane. 

4.  An  image  processing  based  system  allows  flexibility  in  the  type  of  images  produced,  eg.  structured  images  for 
navigation,  hybrid  user  defined  image  or  high  contrast  flat  image  for  inspection. 

5.  A  laser  scanner  may  be  added  as  an  illuminator  to  existing  imaging  systems. 

6.  Solid  state  green  light  emitting  lasers  can  be  used  which  require  modest  power  and  are  suitably  reliable  for  the  given 
environment. 

7.  The  system  can  be  used  from  a  stationary  platform. 

8.  Images  are  readily  incorporated  into  computer  based  inspection  ^sterns. 

9.  The  technique  can  be  incorporated  into  photogrammetry  systems  for  enhanced  accuracy. 
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FIGURE  1  •  Underwater  optical  laboratoiy 
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FIGURE  2  -  Comparison  of  vertical  cross  sections  taken  through  a  horizontal  laser  stripe  In  the  Image  and 
target  plane 
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Target  Contrast 


FIGURE  4  •  Image  contrast  vs  turiiidity  for  laser  stripes 
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ABSTRACT 

The  small  angle  volume  scattering  function  (SAVSF)  of  the  seawater  is  one  of  the  most  important  ocean  optical 
parameters,  which  influences  the  laser  beam  propagation  and  the  underwater  image  properties,  so  the  in  situ  data 
of  SAVSF  have  a  great  importance  in  ocean  optics  and  in  many  applications.  We  have  built  a  new  type  of 
scatterometer  for  measuring  the  SAVSF  of  the  seawater.  The  instrument  uses  a  underwater  imaging  system  to 
measure  the  optical  transfer  function  (OTF)  of  the  seawater  body,  then  the  SAVSF  can  be  calculated.  The 
configuration  of  the  scatterometer  is  presented  and  the  main  performance  is  analyzed.  The  results  of  in  situ 
experiments  in  the  East  China  Sea  are  also  presented. 

l.DVTRODUCTION 

There  are  large  amount  of  opaque  organic  particles  in  the  natural  seawater,  whose  size  is  larger  than  light 
wavelengths  and  whose  index  of  refiaction  is  near  that  of  water.  According  to  the  Mie  scattering  theory,  we  know 
that  there  are  strong  forward  scattering  in  the  natural  seawater.  In  the  coastal  zone  water  there  are  a  large 
amount  of  mineral  particles  which  increase  the  forward  scattering  according  to  the  diffraction  theory.  So,  forward 
scattering  is  dominant,  the  most  of  scattered  light  energy  is  distributed  about  the  light  propagation  direction,  the 
small  angle  scattering  (<5'’or  <  10°)is  more  strong  and  the  large  angle  scattering  may  be  neglected  in  many 
important  applications.  So  SAVSF  is  one  of  the  key  parameters  which  influence  underwater  laser  beam 
propagation  underwater  image  properties,  because  scattering  decides  the  broadening  of  laser  beam  and  the 
blurring  of  the  images.  SAVSF  is  a  important  inherent  optical  parameter  in  underwater  laser  communication, 
ocean  lidar  sounding,  lidar  bathometry,  underwater  vision  systems  etc..  But  scattering  in  the  natural  water  is  a 
complicated  physical  process,  it  is  difficult  to  be  calculated  directly,  because  the  particles  have  various  shapes  and 
optical  properties.  So  in  situ  measurement  is  the  most  important  method  to  get  available  SAVSF  data. 

The  convenient  methods  of  measuring  SAVSF  usually  use  collimate  laser  beam  which  passes  a  water  body  and 
measure  the  light  energy  angular  distribution"",  we  have  measured  the  SAVSF  up  to  0.01°  successfully,  using 
collimate  laser  beam  and  zero  block  filter  in  the  laboratory".  But  it  is  very  difficult  to  keep  high  alignment 
accuracy  in  situ  measurements,  so  the  in  situ  instalments  for  measuring  SAVSF  are  usually  complex  and 
expensive. 

The  water  body  is  a  liner  spacial  invariant  system  according  to  the  information  optics  theory,  the  optical 
properties  of  seawater  can  be  described  by  OTF  which  is  depended  on  the  attenuation  coefficient  c  and  the 
volume  scattering  function  0{O),  the  relationship  between  them  is"; 

P(0)  =  B-'(c  +  ln(OTF)/r) 

B':  inverse  Fourier-Bessel  transform 
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c  :  attenuation  coefficient  of  seawater 
0  :  volume  scattering  fimction  of  seawater 
r  :  the  optical  path  in  the  water  body 

We  measure  the  OTF  of  water  body  with  defined  length  r,  if  the  attenuation  coefficient  c  is  known,  then  0  can 
be  calculated.  The  details  of  the  principle  is  given  by  another  paper  presented  in  this  proceeding”. 

Our  new  type  of  the  small  angle  scatterometer  is  based  on  this  principle.  An  underwater  imaging  system  is  used 
to  measure  a  image  passed  through  water  body,  OTF  can  be  get  from  the  original  and  blurred  image.  The  main 
advantages  of  the  method  are  that  there  are  no  necessary  of  high  alignment  accuracy,  so  the  system  is  stable  and 
available  for  severe  in  situ  conditions,  and  that  the  configuration  is  simple  and  stable,  the  coast  is  lower. 

Since  white  light  source  is  used,  there  are  no  speckle  effect  and  spectral  SAVSF  data  should  be  obtained  if  a 
spectral  filter  is  used. 


2.  THE  INSTRUMENT 


2.1  The  conflguration  of  the  instrument 

Fig.  1  shows  the  diagram  of  our  new  scatterometer. 


1 :  light  source  box 
2:  camera  box 
3:  connector 
4:  shade 
5;  glass  window 
6:  window  for  operation 

Fig.  1  diagram  of  the  small  angle  scatterometer 

Our  scatterometer  is  composed  of  3  parts  mainly,  the  light  source  box,  the  camera  box  and  the  connector. 

A  fluorescent  lamp  tube  is  used  as  a  light  source,  and  a  battery  is  used  as  a  power  supply.  A  Lamber's  body  is 
illuminated,  a  slip  is  located  in  front  of  the  Lamber’s  body,  and  the  direction  of  the  slip  is  parallel  to  the  lamp 
tube,  so  we  have  a  spread  line  light  source  with  1-mm  wide  and  80-mm  long,  which  is  used  as  a  original  1 
dimension  image.  Such  light  source  has  high  efficiency  and  good  stability.  All  of  the  elements  are  mounted  in 
the  light  source  box,  which  is  water  tight  and  has  a  aperture  with  80-mm  diameter  protected  by  a  water  tight 
glass  window. 

A  video  camera  records  the  bluned  image  passing  through  the  water  body  contained  in  the  connector.  The  lens 
has  90-mm  focal  length.  The  detector  is  a  512  x512  CCD  array  and  the  scan  line  is  perpendicular  to  the  line 
source.  A  press  sensor  is  used  to  detect  the  depth.  The  images  are  tape  recorded,  and  also  the  information  of 
time  and  depths.  All  of  that  are  set  in  the  water  tight  camera  box.  The  aperture  with  70-mm  diameter  is 
protected  by  a  glass  window  too. 
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The  two  boxes  have  ISO-min  diameter  and  3S0-mm  length.  There  are  operation  windows  at  the  trails  of  the  two 
boxes  for  necessary  operations. 

The  connector  is  made  of  steel  cylinder  as  the  same  diameter  as  the  boxes.  The  inside  diameter  is  164-mm  and 
the  length  is  720-mm.  The  effective  length  of  the  contained  water  body  is  680-mm  and  the  effective  view  field 
is  from  100-mm  to  160-mm.  Many  20'mm  holes  are  arranged  on  the  cylinder’s  wall  permitting  the  exchange  of 
the  inside  water  when  the  scatterometer  is  sinking.  A  shade  is  mounted  over  the  cylinder  to  obstruct  the 
downward  irradiance,  which  is  strong  in  the  sea.  Some  upward  irradiaiKe,  which  is  we^  in  the  sea.  goes  into 
the  cylinder  through  the  holes  at  the  cylinder  bottom,  but  only  the  light  scattered  near  the  90  ^  direction  could 
be  received  by  the  detector  and  it  is  the  weakest  scattering  in  such  direction  In  addition  to,  there  are  two 
apertures  inside  the  cylinder  to  repress  the  background. 

2.2  Analysis  of  the  performance  of  the  instrument 

The  effective  view  field  100-mm  is  used  and  the  work  distance  is  about  720-mm,  so  the  upper  limit  of  the  angular 
range  is  about  4.0°.Because  of  the  symmetry  of  the  image,  the  line  light  source  is  off-axis,  and  the  upper  limit 
of  the  angular  range  can  be  extended  to  5°  or  larger. 

The  angular  resolution  is  determined  by  the  line  number  of  the  CCD  array.  For  512  line  of  the  CCD  array,  the 
angle  resolution  is  about  0.01S°.The  0.01°angular  resolution  can  be  obtained  by  interpolation  and  the  0.01° 
lower  limit  of  the  angular  range  can  be  get  by  extrapolation  according  to  monotonicity  of  the  SAVSF. 

The  angular  range  and  the  angular  resolution  can  be  changed  by  changing  the  effective  view  field  from  100-mm 
to  160-nun. 

Because  of  the  1  dimension  image  and  the  CCD  scan  line  is  perpendicular  to  the  line  light  source,  so  we  average 
the  central  100  row.s  data  to  calculate  the  OTF,  and  SNR  is  increased  ten  times. 

The  main  performances  index  of  our  new  scatterometer  are: 

•  the  length  of  water  body:  680-mm 

•  the  measuring  range:  0.01“; —  5° 

•  the  angular  resolution:  0.01° 

•  the  maximum  working  depth:  -100-m 

•  the  full  length:  ISOO-mm 

•  the  full  weight;  60-kg 

3.  THE  IN  SITU  EXPERIMENTS 

In  October.  1993,  we  get  5  sets  of  SAVSF  data  from  the  East  China  Sea  using  our  new  scatterometer.  At  every 
points,  we  collected  original  data  at  different  depths,  the  maximum  depth  was  -  60-m.  The  data  processing  was 
outline  using  the  method  presented  in  ours  another  paper.  The  typical  results  are  listed  in  Fig.  2. 

This  research  work  was  supported  by  a  grant  from  the  National  Science  Foundation  of  China. 
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Station  10:  Woter  Depth  5  m 


Fig.2The  measured  SAVSF  curves  from  different  locations  and  different  (fepths 
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ABSTRACT 

The  small  angle  scattering  function  of  seawater(SASF)  is  a  significant  parameter  of  ocean  optics,  and  has  an 
important  role  on  the  underwater  transmission  of  image  and  narrow  beam.  In  this  paper,  we  have  described  the 
image  transmission  method  of  measuring  SASF  and  the  system  which  we  have  set  up  for  measuring  SASF  by 
the  method.  We  have  get  much  data  using  the  experiment  system  with  different  water  path  range.  The 
measurement  results  agree  with  the  theory. 

1.  INTRODUCTION 

Modem  Ocean  Optics  is  very  concerned  with  the  small  angle  scattering  function  of  seawaterfSASF).  Since  1980s, 
with  the  rapid  development  of  the  underwater  laser  communication,  Lidar  and  underwater  laser  image  system, 
the  characteristics  of  under  laser  transmission  need  to  be  studied  in  detail.  Laser  is  a  narrow  beam  light,  and 
has  strong  directivity.  The  theory  of  transmission  shows  that  the  SASF  is  an  important  parameter.  Since  1960s, 
some  methods  of  measuring  SASF  have  been  develop«l"'.  but  there  are  some  ^ortcomings.  At  presem,  there 
is  no  universally  accepted  method  for  measuring  SASF  in  ocean  survey,  and  the  data  of  SASF  are  very  limited. 
So,  a  new  method  is  needed  in  ocean  optics  measurement. 

In  Optics,  there  are  some  well-considered  methods  for  measuring  the  optical  transfer  function,  for  example  the 
method  of  optical  Fourier  analysis  and  optical-electrical  Fourier  analysis.  These  methods  can  be  used  to  measure 
the  space  angular  frequency  attenuation  characteristics  of  the  optical  transparent  medium.  The  space  angular 
frequency  attenuation  reflects  the  spreading  of  the  collimation  light  beam  and  point  light  source  through  the 
transparent  medium.  That  is  called  beam  spread  function  (BSF)  and  point  spread  function  (PSF)  of  the 
transparent-  medium.  This  paper  is  based  on  the  idea.  By  measuring  the  PSF  of  seawater,  we  can  obtain  the 
SASF  according  to  the  Fourier  Optics  method  of  radiative  transfer  in  the  ocean'. 

2.  PRINCIPLE 

An  image  f(x,y)  being  transmitted  through  the  water  path  distance  R,  it  will  become  the  blurred  image  g(x.y). 
If  the  point  spread  function  is  psf(x,y),they  satisfy  the  relation 

g(x,y)=  f(x,y)0  psf(x,y)  (D 


Where;  0  is  the  convolution  operation. 

Therefor,  if  the  standard  image  f(x,y)  is  known,  we  can  obtain  the  PSF  of  the  water  path  from  measuring  the 
deterioration  image  g(x,y)by  the  certain  dau  processing  methods.  The  simple  images  are  usually  selected  as  the 
standard  images,  for  example  point  or  line.  The  line  is  more  available  for  the  practical  system.  At  first,  we  obtain 
the  line  spread  function  by  measuring  the  edge  blurring  of  line  image,  and  then  get  the  two-dimension  PSF 
according  to  the  rotational  symmetry  of  the  seawater  PSF. 
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By  the  Fourier  Optics  method  of  radiative  transfer  in  the  ocean,  OTF  is  the  Fourier-Bessel  transform  of  the  PSF: 

OTF(<|>Jl)=2iciJ“  p8f(e^)  Jo(2it<|»e)  0  d0 

Where:  <t>  is  the  angular  frequency,  R  is  the  water  path  distance,  0js  the  maximum  integral  angle. 

Another,  OTF  can  expressed  as: 

OTF(4>^)=  exp[-(c-S)R]  (3) 

Where:  c  is  the  beam  attenuation  coefficient. 

H  is  the  Fourier-Bessel  transform  of  the  scattering  phase  function. 

The  angle  of  the  scattering  phase  function  is  limited  by  the  view  field  of  measurement,  so  the  scattering  |diase 
fimction  obtained  by  the  above  method  is  called  small  angle  scattering  function. 

3.  EXPERIMENT 

In  order  to  verify  the  feasibility  of  measuring  SASF  by  the  image  transmission  method,  aixl  to  get  the  various 
parameter  which  is  needed  in  the  design  of  in-situ  small  angle  scatterometer,  we  have  set  up  a  system  in  lab. 

The  system  (As  showed  in  Fig.  1)  consists  of  a  white  light  source,  a  standard  object,  a  water  tank,  a  video  camera, 
an  image  sampling  board  and  a  pc-computer.  The  volume  of  the  water  tank  is  30X30X40cm.  the  uniformity  and 
transparency  of  its  bottom  glass  ate  good.  The  standard  object  is  the  narrow  split  (its  width  is  1  mm),  and 
placed  on  the  tank  bottom.  The  white  light  source  under  the  water  tank  is  the  uniform  diffused  light,  and 
illuminates  the  standard  object.  The  standard  image  is  transmitted  in  the  water  .  and  captured  by  the  camera 
on  the  top  of  the  tank.  The  signal  of  the  camera  is  sent  to  the  computer  by  the  image  sampling  bo^,  and  then 
processed  by  the  computer.  The  process  of  experiment  is  as  follows: 

(a) .  No  water  In  the  tank,  captured  the  image  of  standard  object  by  camera 

(b) .  Add  lOcm  height  water  in  the  tank,  captured  the  image  of  standard  object  by  camera. 

(c) .  add  lOcm  height  water  in  the  tank  again,  captured  the  image  of  standard  object  by  camera. 

(d) .  Repeat  (c). 

So.  we  can  obtain  three  blurred  images  and  one  standard  image.  These  are  all  our  raw  data. 

4.  DATA  PROCESSING 

The  data  captured  by  camera  is  two-dimension  data,  we  need  one-dimension  data.  In  order  to  eliminate  the  edge 
effect,  we  select  the  average  of  200  rows  on  the  centre  of  image  as  one-dimension  data.  Another,  in  order  to  get 
higher  angle  resolution  and  wide  view  field,  the  image  of  standard  object  is  not  on  the  centre  of  view  field,  but 
on  the  right  side  or  left  side.  By  the  symmetry  of  scattering,  we  can  get  the  right  (or  left)  side  data  using  left  (or 
right)  side  data. 

In  solving  the  equation  (1)  for  PSF,  it  is  an  ill-conditioned  problem,  if  linear  method  is  used.  To  avoid  the 
ill-conditioned  problem,  we  use  the  Monte  Carlo  method'  to  solve  the  equation. 

At  the  end,  the  SASF  can  be  solved  by  the  formulas  (2),  (3)  and  (4). 

5.  RESULTS  AND  ANALYSIS 

Psf(r.),  psf(r,)  and  psf(r,)  are  the  point  spread  functions  with  the  three  different  water  path  distance  r.(10cm). 
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r.(20cin)  and  r,(30cni).  By  the  transmission  theory,  they  satisfy  the  equations: 

psf(r2)=  psf(r,)0  psf(r,) 
psfCr,)  =psf(rj)®psf(r2) 

From  Fig.2,the  measured  PSFs  agree  well  unth  the  calculated  PSFs.  So.  the  measurement  results  of  PSF  agree 
with  the  theory.  This  confirm  the  correctness  of  PSF  measured  by  the  method  based  on  this  paper. 

From  the  data  of  psf(r.),  psf(r,)  and  psf(r,),  we  have  obtained  the  corresponding  SASFs  p.,  and  ff,  (As  showed 
in  Fig.  3).  In  principle,  the  three  SASFs  should  be  same  for  the  same  water.  Fig.3  shows  that  the  three  SASFs 
ate  same  within  the  error.  But  there  is  more  error  in  the  larger  angle.  In  the  larger  angle,  0.  is  bigger  than  0„ 
and  0,  is  smaller  than  0.. 

The  scatterance  of  the  short  water  path  distance  is  less  than  that  of  long  water  path  distance.  Some  of  the 
Scatterance  of  short  water  path  distance  is  too  small  to  detect  for  the  camera  in  the  larger  angle  because  of  the 
limitation  of  the  camera  sensitivity.  If  the  high  sensitivity  camera  are  used,  the  error  may  become  less. 

The  angle  resolution  of  the  system  based  on  the  method  of  this  paper  can  reach  0.01°. its  measurement  angle 
range  is0.01°  ~5°.The  system  has  the  advantages  as  following: simple  structure,  convenient  operation  and  high 
angle  resolution. 

This  research  work  was  supported  by  a  grant  from  the  National  Science  Foundation  of  China. 
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ABSTRACT 

Because  of  the  scatterance  of  water,  underwater  image  will  be  deteriorated.  It  is  necessary  to  restore  the  image 
for  the  underwater  photography  and  underwater  robot  vision.  In  this  paper,  we  have  simulated  the  process  of 
the  image  blurred  under  the  water,  described  the  steps  of  de-blurring  the  underwater  image  using  Monte  Carlo 
method,  and  restored  the  blurred  image  in  the  different  random  noise  by  this  method.  The  results  of  restoration 
are  satis£u:tory. 


1.  INTRODUCTION 

An  image  being  transmitted  in  the  water  will  be  blurred  unavoidably.  That  is  harmful  for  the  underwater 
photography  and  underwater  robot  vision.  Since  1960s,  the  mechanism  which  the  image  is  blurred  had  been 
studied  tom  the  theory  and  experiment'^.  The  point  source  will  be  blurred,  when  it  is  transmitted  through  the 
water.  It  is  caused  by  the  scatterance  of  water.  One  image  is  regard  as  the  space  distribution  of  many  point 
sources.  All  point  sources  of  the  image  are  scattered  simultaneously  through  water  path,  and  spread  identically. 
It  is  called  the  space  invariance  for  the  image  transmission.  Mathematically  the  image  transmission  is  a  process 
of  convolution.  It  is  showed  as: 


g(x,y)=f(x,y)0  PSF(x,y) 

Where;  g(x,y)isthe  blurred  image  received 

f(x,y)is  the  original  image  to  be  retrieved 
PSF(x,y)  is  the  point  spr^  function  of  water 
0  is  the  convolution  operation 

Solving  the  above  equation  is  a  problem  of  image  restoration  in  the  image  processing.  Although  the  method  of 
solving  the  equation  by  linear  restoration  is  simple,  it  has  an  insolvable  problem  ~  ill-conditioned  problem'.  We 
use  the  method  of  non-linear  image  restoration  ~  Monte  Carlo  method  to  process  the  simulation  image  blurred 
in  the  different  noise,  and  get  good  results. 

2.  THE  METHOD  OF  THE  DE-BLUrRING  IMAGE  BY  MONTE  CARLO 

The  main  idea  of  the  method  is  as  follows:  One  image  is  divided  into  many  pixels,  and  the  pixels  value  of  the 
image  is  composed  of  particles,  every  particle  has  certain  energy.  The  total  number  of  particles  is  known,  so 
the  total  energy  of  the  image  is  derinite.  One  particle  is  located  on  a  pixel  randomly,  only  it  satisfies  the 
criterion.  After  all  particles  are  distributed,  the  object  image  will  be  restored.  We  'villshow  the  process  of  inuge 
restoration  by  one-dimension  image  in  the  following. 

The  process  of  image  transmission  in  water  satisfies  the  following  equation; 

g(ym)=^(^)®  prf(y«-x,,)+“o 
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Where:  f(x.)  is  the  object  image,  x.=(x„x . ,x.) 

g(y.)  is  the  blurred  image,  ym=(y„y.,  ...,y») 

a  is  the  random  noise 

<S)  is  the  convolution  operation 

At  the  beginning,  we  suppose  that  the  object  space  is  empty.  While  a  particle  (its  energy  is  d.)  is  distributed  at 
the  location  x.,  its  energy  will  be  added  on  the  image  plane  at  the  form  of  continuous  distribution  of  the  point 
spread  function. 

The  first  particle  being  distributed  on  the  location  x.,  the  accumulated  image  is: 

g^‘^(ym)=<loPS^(y«-V 


The  second  particle  being  distributed  on  the  location  x.,  the  accumulated  image  is: 

g®(yj=«^‘^(yj+<*0psf(ym-*n) 


For  the  same  reason,  the  kth  particle  being  distributed  on  the  location  x.,  the  accumulated  image  is: 


And  the  next  particle  being  distributed  on  the  location  x.,  the  new  accumulated  image  is: 

g(k>l)(yJ=g(k)(yJ+(lo.psf(y,^-X^ 

g*'Xy.)  divides  the  known  image  data  g(y.): 

r„=g*'’W/g(yJ  (m=U.-  M) 


We  suppose  that  R  is  the  maximum  value  of  r..  At  the  same  time,  there  is  a  adjustable  minimum  R.  Only 
R<  =R,  this  distributing  is  reasonable.  The  meaning  of  Minimum  R  is:  when  R  becomes  less,  any  location  x. 
distributing  is  not  reasonable.  Repeat  above  procedure,  while  all  particles  are  distributed  completely,  the  object 
image  will  be  restored. 


3.  SIMULATION  EXPERIMENT 

For  the  convenience,  we  use  one-dimension  image  instead  of  two-dimension  image  in  the  simulation  experiment. 
Of  course,  the  method  is  also  available  for  two-dimension  image. 

At  first,  we  do  the  convolution  of  the  original  image  and  the  point  spread  function,  add  the  random  noise  to  get 
a  blurred  image.  Then  we  consider  the  point  spread  function  and  the  blurred  image  as  the  known  factor,  and 
use  the  Monte  Carlo  method  mentioned  to  restore  the  image. 
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In  the  experiment,  the  point  spread  function  used  is  a  typical  function  measured  on  the  sea  (Fig.  1),  and  the 
original  image  is  also  a  representative.  The  maximum  of  random  noise  is  5%  and  10%. 


4.  RESULTS  AND  ANALYSIS 

From  the  simulation  experiment,  we  draw  the  following  conclusions: 

(1) .  After  the  image  have  been  blurred,  it  is  distorted  beyond  recognition,  and  its  contrast  is  very  small. 
But  through  the  restoration  processing  using  the  Monte  Carlo  method,  the  clear  images  are  restored. 

(2) .  The  relative  mean  square  error  of  restored  image  is  2%  with  no  noise,  7.8%  with  5%  random  noise, 
and  12.8%  with  10%  random  noise.  From  the  shows  of  Fig.2(a),(b)  and  (c),  the  quality  of  restored  images  is 
high  with  noise  or  less  noise,  and  the  bigger  the  noise  is,  the  more  the  error  of  restored  image  is.  Aik  xr,  the 
bigger  the  pixel  value  changes  in  a  location,  the  more  the  restoration  error  in  the  location. 

(3) .  This  method  is  an  effective  method  for  de-blurring  the  underwater  image.  Its  advantages  are:  high 
ability  against  the  noise,  less  retraining  conditions,  no  ill-conditioned  problem  and  fast  computing. 

This  research  work  was  supported  hy  a  grant  from  the  National  Scioice  Foundation  of  China. 
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Fig.  2  The  comparison  of  the  original  image,  blurred  image  and  restored  image 
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ABSTRACT 

Optical  tweezers  is  a  term  used  to  describe  the  optical  force  generation  and  confinement 
process  by  a  highly  focused  laser  beam.  The  forces  exerted  by  the  tweezer  are  sufficient  to 
confine  and  move  cells  and  particles  without  physical  contact  When  integrated  with 
fluorescence  or  scattering  detection,  the  laser  tweezer  can  become  a  powofiil  instrument  for  the 
rapid  characterization  of  the  optical  properties  of  isolated  orgaiuc  marine  particulates  aiKl 
phytoplanktonic  cells,  from  which  bulk  properties  may  be  inferred.  This  tech^que  offers  the 
advantage  of  studying  planktonic  cells  and  organisms  in  their  natural  environment  by 
confinement  without  immobilization,  thereby  preserving  the  spectral  absorption  and 
fluorescence  properties  of  the  samples  under  study.  Herein,  we  report,  for  the  first  time,  on  the 
measurement  of  the  spectral  fluorescence  and  scattering  of  cyanobacteria  and  diatrans  which 
have  been  confined  by  an  optical  tweezer.  Cell  culture  samples  of  Nanochloris  and  Skeletonema 
ranging  in  size  from  ~  2  to  4  pm  were  confined  using  ~  30  mW  from  a  focused  Nd:YAG  laser  (X 
=  1060  nm).  Fluorescence  was  simultaneously  excited  in  the  350  >  400  run  wavelength  range  and 
detected  using  a  diffraction  grating  and  CCD  array,  while  scattering  was  detected  in  a 
backscatter  geometry.  Fluorescence  emission  of  picoplanktonic  cyanobacteria  (Synechococcus) 
type  DC-2  showed  a  characteristic  peak  centered  at  S6S  nm,  when  excitation  was  set  within  520 
-  540  nm.  Preliminary  data  shows  the  characteristic  emission  peak  from  the  chorophyll  a 
pigment  (685  nm)  for  both  samples,  as  well  as  spectral  features  that  may  be  related  to  other 
photosynthetic  pigments. 


1.  INTRODUCTION 

The  ability  to  systematically  measure  the  optical  properties  of  single  marine  particles, 
and  their  perturbations,  is  important  to  the  understanding  of  how  individual  microsccqnc 
particles,  specific  types  of  particles,  and  collections  of  different  particles,  govern  the  bulk  or 
macroscopic  ocean  optical  parameters.  The  study  of  marine  particle  fluorescence^*^  and 
scattering^*^  is  well  known.  Optical  tweezers^,  witii  the  ability  to  confine  and  manipulate  single 
cells  and  organisms,  offer  several  unique  advantages  over  the  conventional  techniques  of  flow 
cytometry  and  microphotometry  in  marine  particle  optical  measurements.  These  include:  (1) 
confinement  in  the  sample's  natural  environment  without  destructive  immobilization,  (2) 
preservation  of  spectral  scattering,  absorption,  and  fluorescence,  due  to  the  in-sim  nature  of  the 
measurement,  and  (3)  the  ability,  over  time,  to  examine  individual  particles,  or  classes  of 
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particles,  with  respect  to  size,  shape,  orientation,  interaction  with  multiple  particles,  and 
absorption  and  fluorescence  efficiencies.  Described  herein  are  preliminary  experimental  results 
which  show  that  fluorescence  spectra  and  scattering  signatures  can  be  acquired  firmn  single 
phytoplankton  cells  and  cyanobacteria  suspended  in  their  natural  medium  using  the  optical 
tweezer  technique.  Furthermore,  the  sampling  of  particle  populations  facilitates  the  microsct^c 
study  of  intrasample  and  intersample  variability.  Hence,  optical  confinement  may  provide  yet 
anoAer  means  to  study  in  the  Held  the  inherent  optical  properties  (lOPs)  of  marine  particulates, 
their  parametric  dependences,  and  how  single  particle  properties  relate  to  the  bulk  c^tical 
properties  for  optical  closure. 


2.  METHODS 

Fluorescence  and  scattering  measurements  were  performed  on  a  microscope  system  that 
combines  laser  trapping  and  fluorescence,  as  shown  in  Fig.  1.  The  system  consists  of  a  primary 
infrared  laser  beam  (X  =  1060  nm),  emitting  up  to  200  mW,  that  is  interfaced  to  an  inverted 
optical  microscope.  The  basic  optical  tweezer  is  formed  by  focusing  the  circularly  polarized 
laser  beam  onto  the  sample  from  below  the  sample  chamber  via  a  high  magnification,  oil 
immersion  microscope  objective  (e.g.  lOOX,  1.3  N.A.).  A  special  chamber,  consisting  of  thin 
parafilm  sheets  sandwiched  between  microscope  coverslips,  is  used  to  confine  the  cells  in 
suspension.  The  tweezer  is  converted  into  a  high  resolution  fluorescence  -  scattering  microsa^ 
by  coUinearly  coupling  a  secondary  optical  beam  through  the  same  objective  lens.  Using  die 
same  focusing  optics,  light  from  a  UV  source  (200  W  Hg  arclamp)  is  used  to  excite 
fluorescence,  while  general  illumination  is  provided  by  an  optical  condenser  system  that  resides 
above  the  sample  chamber.  Single  particle  fluorescence  is  collected  by  the  same  objective  used 
to  form  the  laser  trap,  and  passed  through  a  pinhole.  The  light  is  then  collimated,  dispersed  by  a 
diffraction  grating,  and  ultimately  focused  onto  a  cooled  CCD  detector  array.  A  personal 
computer  acquires  the  spectral  data  over  a  400  nm  bandwidth  in  ~  100  ms.  S/N  ratios  in  excess 
of  1(P:1  are  achieved  with  high  spatial  resolution  (>  1  p.m).  For  light  scattering  studies,  a  third 
beam  is  brought  into  the  system  (HeNe  laser,  X  =  632.8  nm),  and  the  scattered  light  collected 
along  the  same  optical  path.  To  measure  "bulk"  properties,  the  focusing  objective  was  reduced  in 
magnification  to  lOX  or  20X,  thereby  enabling  hundreds  of  particles  to  be  studied  at  once  in  the 
same  field  of  view. 

Three  cell  types  were  used  in  laboratory  experiments,  including  nanochloris  and 
skeletonema  phytoplankton  cells  (~  2  -  4  pm  diameter),  and  synechococcus  cyanobacteria  (~  O.S 
pm  diameter).  Cells  were  cultured  in  F2  medium,  and  left  under  daylight  illumination,  at  ~23”C, 
until  experiments  were  performed.  The  cultures  were  then  transferred  into  sample  chambers  and 
placed  within  the  trapping  -  fluorescence  microscope.  Using  the  minimum  anx>unt  of  laser 
power  required  for  trapping  cells  of  a  given  size  (~30  mW  for  3  pm  cells,  <  10  mW  for  0.5  pm 
cells),  individual  cells  were  confrned,  and  exposed  to  UV  light  for  0.1  sec.  Experiments 
performed  included  a  comparison  of  bulk  and  single  cell  fluorescence  spectra  for  excitation  at 
350  nm,  a  study  of  fluorescence  as  functions  of  UV  exposure  time  and  confinement  time  within 
the  tweezer,  and  measure  of  backscattering  from  single  cells,  over  an  angular  range  of  ±  20°  at 
the  scattering  wavelength  of  632.8  nm. 
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3. 


RESULTS  AND  DISCUSSION 


In  our  Hrst  set  of  experiments,  samples  of  nanochloris  phytoplankton  were  studied.  The 
results  of  comparing  fluorescence  spectra  from  an  individual  cell  and  that  of  the  bulk  are  shown 
in  Fig.  2.  When  the  data  is  normalized,  both  spectra  display  the  characteristic  peak  of  chorophyll 
a  emission  at  685  nm.  The  bulk  spectrum  is  nearly  identical,  with  the  exception  of  a  Itmg- 
wavelength  shoulder  centered  at  ~730  nm,  indicating  that  there  is  some  batch  variation.  For  five 
different  single  cells  identically  exposed  to  UV  light,  and  measured  within  a  time  period  of  ~  3 
min.,  individual  spectra  differed  only  in  their  intensity  of  fluorescence,  as  shown  in  Fig.  3.  These 
differences  may  arise  from  changes  in  the  chlorophyll  content  per  cell,  photoadaptation,  or 
biomass  variations^.  However,  changes  in  fluorescence  emission  can  also  be  induced  via 
extended  UV  exposure,  as  shown  in  Fig.  4  for  the  skeletonema  cell.  While  a  0.1  sec.  exposure 
time  results  in  strong  emission  at  685  nm  and  730  nm,  respectively,  the  intensity  of  fluorescence 
clearly  decreases,  almost  by  a  factor  of  2,  with  increasing  exposure  time,  indicating  that  some 
photobleaching  has  ocurred.  Variations  in  fluorescence  intensity  from  cell  to  cell  may,  therefore, 
have  more  than  one  origin. 

A  second  series  of  experiments  focused  on  measuring  the  fluorescence  emission  from  the 
cyanobacteria,  synechococcus.  Here,  given  the  small  size  of  the  samples  (~0.5  pm),  the  optical 
trapping  process  is  close  to  its  practical  limit  for  single  cell  confinement.  For  cells  or  particulates 
much  smaller  in  size,  it  is  nearly  impossible  to  confine  just  a  single  sample  at  a  given  time.  A 
bulk  measurement,  made  with  a  low  magnification  microscope  objective  by  collecting  light  from 
several  hundreds  of  cells,  is  shown  in  Fig.  5.  A  bulk  nanochloris  spectrum  is  included  for 
comparison.  The  significant  features  here  include  an  intense  fluorescence  peak  at  565  nm,  and  a 
less  intense  peak  at  650  nm.  Surprisingly,  the  emission  spectra  taken  from  four  different 
synechococcus  samples,  as  shown  in  Fig.  6,  exhibit  very  large  variations  in  emission  intensity  at 
designated  wavelengths.  At  the  single  cell  level,  spectral  features  now  appear  not  only  at  565  nm 
and  650  nm,  as  in  the  bulk,  but  also  at  600  nm  and  ~675  nm.  The  long  wavelength  peaks  are 
attributed  to  chlorophyll  a,  while  the  shorter  wavelength  features  (565,  600  nm)  are  likely  to  be 
derived  from  the  phycoerythrin  photosynthetic  pigments.  The  variations  in  spectral  features  from 
sample  to  sample  can  be  better  understood  when  the  fluorescence  from  an  individual 
synechococcus  sample  is  monitored  for  an  extended  period  of  time.  While  confining  the  same 
sample  within  an  optical  trap  for  a  period  of  five  hours,  and  measuring  the  fluorescence  emission 
every  hour,  it  is  found  that  the  intensities  of  the  565  nm  and  676  nm  peaks  decay  and  grow  in  a 
complementary  fashion,  as  shown  in  Fig.  7.  When  Figs.  6  and  7  are  interpreted  together,  the 
results  suggest  that  the  observed  intrasample  variability  is  related  to  the  measurement  of 
fluorescence  at  different  stages  in  the  cell's  natural  growth  or  death  cycle.  Hence,  the  optical 
tweezer,  as  a  non-invasive  immobilization  tool,  has  facilitated  the  temporal  study  of  a  single 
cyanobacteria  species  in  its  natural  envirtonment. 

Lastly,  to  demonstrate  that  light  scattering  can  also  be  accomplished  within  the  tweezer 
system,  backscattering  signals  from  individually  trapped  nanochloris  cells  were  measured.  These 
results  are  shown  in  Fig.  8.  At  four  scans  per  sample,  and  four  different  samples  measured,  the 
signatures  display  variations  that  may  be  shape  or  orientation  related.  The  scans  cover  an  angular 
range  of  ~  ±20°  (x  =  0.09°),  centered  around  180°.  The  backscatter  signals  i^pear  to  be 
consistent  from  sample-to-sample  and  run-to-run,  respectively.  This  data  is  more  difficult  to 
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inteiprete  with  respect  to  particle  size,  refractive  index,  or  absorption  than  standard  Mie  theory 
results,  given  the  fact  that,  in  this  case,  Lorenz-Mie  scattering  results  from  the  use  of  a  highly 
focused  Gaussian  beam  geometry.  However,  this  geometry  may  offer  the  potential  advantage  of 
enhanced  scattering  sensitivity  to  the  particle's  index,  absorption  coefficient,  non-sphericity,  tv 
stratified  layer  structure,  based  upon  the  coherent  nature  of  the  scattering  process. 

4.  CONCLUSION 

Optical  tweezers  have  been  used  for  the  first  time  to  confine  phytoplankton  and 
cyanobacteria,  so  that  in-situ  fluorescence  and  scattering  measurements  could  be  made  <m 
individual  cell  samples.  Both  fluorescence  and  scattering  reveal  intrasample  and  intersarrqrle 
variability  in  terms  of  spectral  shape,  and  the  magnitude  and  angular  distribution  of  scattering. 
While  nanorchloris  and  skeletonema  samples  show  strong  chorophyll  a  fluorescence  at  685  nm, 
the  much  smaller  synechococcus  samples  exhibit  their  strongest  emissions  at  565  nm  and  650 
nm,  with  much  greater  intrasample  variability.  The  methods  presented  herein  should  provide 
marine  biologists  and  oceanographers  a  new  means  to  study,  in  detail,  the  physiology  of 
individual  cells  and  marine  particulates,  and  their  contributions  to  the  bulk  oceanic  optical 
properties  under  a  variety  of  enviroiunental  conditions. 
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Fig.  1.  Optical  system  for  in-situ  particle  confinement  and  the  measurement  of  fluorescence  and 
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Fig.  2.  Comparison  of  bulk  and  single  cell  flumescence  signals  from  a  2  ^m  nanochlcnis  cell. 
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Fig.  3.  Fluorescence  signals  from  five  different  nanochloris  samples. 
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Fig.  4.  Example  of  UV  photobleaching  in  an  optically  trapped  skeletonema  cell. 
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Fig.  S.  Bulk  fluorescence  signals  from  the  phytoplanktonic  and  cyanobacteria  cells  nanochloris 
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Fig.  6.  Intensity  of  fluorescence  for  four  different  synechococcus  cells,  each  confined  by  the 

optical  tweezer  at  a  slightly  different  time. 
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Fig.  7.  'nme-dependent  fluorescence  from  a  single  cyanobacteria  sample,  confined  by  an  optical 
tweezer  for  more  than  five  hours,  with  fluorescence  sampled  every  hour. 
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Fig.  8.  Backscattering  signals  from  individually  trapped  nanochloris  cells. 
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1.  ABSTRACT 

An  extensive  data  base  of  the  optical  properties  of  the  ocean  has  been  established. 
The  pheise  function  data  has  been  analyzed  using  a  modified  form  of  the  anomalous  diffrac¬ 
tion  approximation.  Results  axe  presented  for  the  fitted  values  of  the  index  of  refraction, 
inverse  power  of  the  size  distribution,  total  scattering,  forward  to  backward  scattering 
ratio,  backscatter,  mean  cosine  and  second  moment  of  the  scattering  distribution.  The 
size  distribution  data  base  has  been  analyzed  using  a  new  algorithm  which  allows  the  size 
distribution  to  be  decomposed  in  a  set  of  zero  order  log-normal  distributions.  We  have 
found  that  this  approach  allows  us  to  model  measured  distributions  more  accurately  than 
by  using  inverse  power  laws  of  varying  powers  over  sub-ranges  of  the  data.  The  data  is 
presented  both  in  terms  of  the  standard  parameters  of  the  log-normal  and  in  terms  of 
total  integrated  component  amplitude,  mode  location  and  half  width.  This  latter  form 
is  relatively  independent  of  the  model  distribution  used.  Statistical  correlations  between 
the  varioxis  parameters  are  given.  We  have  foimd  that  the  data  base  defines  a  working 
envelope  of  optical  parameters  that  should  be  useful  to  the  designer  of  underwater  optics. 

2.  INTRODUCTION 

We  have  gathered  in  computer  readable  form  an  extensive  data  base  of  the  optical 
properties  of  the  ocean  which  contains  over  200  phase  functions,  500  particle  size  dis¬ 
tributions  and  an  extensive  reference  on  the  refractive  index  of  particles  in  suspension 
in  seawater^.  The  data  was  obtained  from  our  own  files  and  by  an  extensive  literature 
search.  The  data  base  contains  phase  functions  and  particle  size  distributions  measiued  in 
the  Atlantic,  Pacific,  Baltic  and  Antarctic. 

The  analysis  of  such  an  extensive  data  base  presents  some  serious  problems.  We  have 
decided  to  model  both  the  phase  function  and  the  particle  size  distributions  and  to  extract 
from  the  models  as  many  optically  relevant  pm-ameters  as  possible.  This  effort  should  be 
considered  only  as  a  first  attemp  to  systematically  present  the  data. 

3.  PHASE  FUNCTIONS 

Asstiming  that  the  particle  size  distributions  follow  an  inverse  power  law,  we  have 
recently  derived  from  the  anomalous  diffraction  approximation  a  simple  approximate  an- 
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alytic  formtila  for 

oceanic  phase  fimctions^. 

am  c./27r(n-l)y-M  +  cos2  0  r  1 

\  A  J  8sin(— xu)  [(1  — 52)5® 

(W1  -<)-(!-  <")1  +  ^[(1  -  S"*')  -  («  +  1)(1  -  <)l). 

(1) 

Where 

tx  =  2sin(0/2) 

(2) 

and 

3-/X 
““  2 

(3) 

and 

c 

3(n-l)2- 

(4) 

In  the  above  equations,  ^{6)  is  the  phase  function.  C  is  the  front  constant  of  the  particle 
size  distribution  and  is  the  inverse  power  of  the  same  distribution,  n  is  the  index  of 
refraction  of  the  particles  relative  to  that  of  water  and  A  is  the  wavelength  of  the  light 
source  used  by  the  nephelometer. 

Equation  1  models  well  the  overall  shape  of  the  phase  function.  However  it  is  not  by 
itself  a  good  enough  to  fit  the  data  over  the  entire  angular  range  to  a  relative  accuracy 
of  a  few  percent.  In  order  to  obtain  this  accuracy  we  must  model  the  phase  function 
more  precisely  in  the  back  hemisphere.  After  some  study  we  added  an  empirical  term  to 


equation  1.  The  resulting  form  is  as  follows. 

m  =  ^  ^  r ')  [(1  J  'W' 

+^[(1  -  -(v  +  1)(1  -  <)])  +  Ue-”". 

(5) 

w  =  2  cos(0/2) 

(6) 

Elquation  5  was  used  to  fit  the  data  base  of  scattering  functions.  A  nonlinear  simplex 
type  fitting  algorithm  was  used.  The  relative  least  squares  error  was  minimized.  All 
the  data  points  had  a  relative  error  less  than  10%.  It  should  be  noted  that  when  the 
equipment  measured  only  one  polarization  state  of  the  scattered  light  the  (1  +  cos^  (9)/2 
term  was  modified  accordingly. 

Figure  1  is  a  graph  of  (n  —  1)^  against  /i,  the  inverse  power  of  the  particle  distribution 
function.  No  apparent  correlation  can  be  seen.  The  mean  value  of  the  index  is  n  =  1.17. 
This  is  within  the  range  computed  by  other  workers^.  Figure  2  is  a  graph  of  the  amplitude 
A  against  ft.  A  definite  trend  can  be  seen  where  the  amplitude  tends  to  sharply  decrease 
as  fi  increases.  Figure  3  is  a  graph  of  D  against  fi.  Except  for  a  tendency  of  the  values 
to  bunch  between  10“^  and  10“^,  no  significant  trend  can  be  seen.  Finally,  figure  4  is  a 
plot  a  against  /x.  Once  again,  no  correlations  are  apparent.  Note  that  the  line  seen  at 
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a  value  of  a  =  6  is  merely  due  to  the  upper  boimd  that  was  set  in  the  fitting  program. 
Given  the  large  reinge  of  water  types  which  the  data  base  covers  this  lack  of  clear  trends 
is  not  surprising.  We  are  now  analyzing  more  closely  the  czises  where  data  is  available  at 
both  the  very  small  angles  and  the  larger  angles  simultaneously.  Being  pegged  at  both 
ends  of  the  angular  spectrmn,  these  phase  functions  narrow  down  considerably  the  range 
of  suitable  parameters  in  the  fit.  At  this  point,  equation  5  should  only  be  considered  as  a 
compact  way  of  expressing  the  phase  function  data. 

Several  parameters  which  are  useful  in  the  computation  of  the  tmderwater  light  propa¬ 
gation  can  be  derived  from  the  phase  function  information.  The  total  scattering  coefficient 
is  given  by: 


=  2ir  f  0(e)sm(e)de. 
Jo 


The  ratio  of  the  radiation  scattered  in  the  forward  hemisphere  to  that  scattered  in  the 
back  hemisphere  is  given  by: 

The  mean  cosine,  which  is  extensively  used  in  the  two  stream  model,  is  defined  as: 

_  Jo 

i:mM0)de  • 


The  normalized  second  moment,  which  is  used  to  compute  beam  spreading,  is  given  by: 


Figure  5  is  a  graph  of  the  total  scattering  coefficient  s  against  fji.  The  range  of  values 
illustrates  the  variety  of  water  types  contained  in  the  data  base.  No  significant  correlation 
is  apparent.  Figme  6  is  a  plot  of  the  forward  to  backward  scattering  ratio.  Figure  7  is  a 
graph  of  the  backscatter  coefficient  The  results  cover  once  again  a  large  dynamic 

range.  Figmre  8  is  a  graph  of  the  mean  cosine.  The  values  are  generally  greater  than  .95. 
This  is  an  indication  of  the  dominance  of  the  forward  scatter  in  water  due  to  the  large  size 
of  the  scattering  particles.  As  seen  in  figure  9,  the  second  moment  is  very  often  less  than 
10~^.  This  small  value  is  again  an  inffication  of  the  dominance  of  the  forward  scatter  due 
to  the  large  particle  sizes. 

In  order  to  improve  on  the  present  results,  an  improved  fitting  formula  with  fewer 
arbitrary  parameters  is  required.  As  shown  by  Klett^,  the  backscatter  coefficient  in  the 
limit  of  small  relative  index  is  be  given  by  a  simple  formula.  We  are  attempting  to  use  this 
result  to  relate  the  D  parameter  to  n  and  fi.  A  more  in  depth  study  is  also  required  to  see 
if  ft  can  be  related  to  n  in  the  cases  for  which  a  full  set  of  angular  values  of  scattering  are 
available®"®.  Pending  this  work,  the  results  we  have  shown  at  present  indicate  only  that 
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the  experimental  phase  functions  can  be  modelled  to  a  reasonable  accuracy  by  a  simple  5 
parameter  function. 


4.  SIZE  DISTRIBUTION  DECOMPOSITION 

The  present  database  of  particle  size  distributions  contains  433  distributions  measured 
by  12  researchers  in  various  regions  of  the  Atlantic,  Pacific,  Indian  Ocean  and  the  Baltic 
Sea.  Most  of  these  distributions  (412)  were  obtained  using  a  Coulter  coimter.  For  the  sedce 
of  consistency  we  have  chosen  to  only  analyze  these  latter  distributions. 

As  was  mentioned  in  the  first  part  of  this  paper  one  can  represent  in  an  average 
way  the  particle  size  distribution  by  a  power  law.  This  approach,  while  modelling  well 
the  overall  behavior  of  real  oceanic  distribution  functions,  does  not  allow  a  more  detailed 
analysis  of  the  substructmre  often  seen  in  such  data.  We  have  developed  an  algorithm 
that  decomposes  particle  size  distributions  into  a  sum  of  log-normal  distributions^.  These 
sub-components  are  automatically  sorted  in  order  of  statistical  significance  by  applying 
the  Fischer  test. 

The  log-normal  distribution  is  given  in  standard  notation  by  the  following  formula: 

p„(<()  =  C„<i"*exp(-(log(<;/d„))V(2<Tj;.)l,  (11) 

where  m  is  the  order  of  the  log-normal  and  d  is  the  diameter  of  the  particles.  We  will  use 
the  0th  order  log-normal  in  oin:  analysis.  By  taking  the  log  of  both  sides  of  equation  11 
and  performing  some  simple  algebraic  transformations  we  have: 

log po(d)  =  [log  Co  -  log^  do /(2<t^  )]  -F  [log  do  In  10/<7^]  log  d  -  [In  10/(2cr^ )]  log^  d.  (12) 

Equation  12  is  a  second  order  polynomi2il  in  log  d.  Standard  least  squares  fitting  algorithms 
can  therefore  be  used  to  obtain  the  coefficients  for  a  given  data  set  of  po(d).  Simple  algebra 
can  then  be  performed  to  extract  the  estimated  values  of  do,  a  and  Co. 

The  cturve  fitting  is  based  on  the  zissvunption  that  the  size  distribution  is  composed  of 
a  cascade  of  log-normal  components  each  of  which  dominates  in  a  particular  size  interval. 
In  principle,  if  one  can  identify  the  size  range  over  which  a  component  dominates,  one  can 
determine  the  parameters  of  the  corresponding  log-normal  by  applying  the  least  squares 
algorithm  to  the  log-log  transformed  original  data.  In  order  to  perform  this  identification, 
the  algorithm  repeatedly  scans  the  data  set  using  a  window  whose  width  is  systematically 
increased.  Given  the  moderate  mnnber  of  data  points  representing  typiced  size  distributions 
of  marine  particles,  we  can  evaluate  the  quality  of  fit  to  the  data  for  all  possible  window 
positions  and  widths.  The  best  component  found  during  this  systematic  search  is  then 
subtracted  from  the  data  set.  This  difference  set  becomes  the  new  data  set.  In  the  new 
data  set  only  the  differences  which  ene  greater  them  a  fixed  fraction  of  the  previous  version 
of  the  data  set  are  retained  for  analysis.  The  procedure  terminates  when  either  there 
are  not  enough  data  points  left,  no  log-normal  component  can  be  found  or  the  number  of 
components  exceeds  a  preset  maximum.  Only  the  most  statistically  significant  components 
are  kept.  Further  details  of  the  procedure  can  be  found  in  our  previous  work^. 

Figure  10  shows  a  typical  distribution  with  a  data  set  extending  over  a  substantial  size 
range.  The  four  log-normal  sub  components  are  shown  for  reference  along  with  their  sum. 
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The  fit  to  the  data  is  excellent.  For  the  412  data  sets  in  the  data  base  we  have  identified 
912  log-normal  components.  Some  distributions  taken  over  relatively  narrow  size  ranges 
can  be  completely  modelled  by  a  single  component.  This  feature  seems  to  be  due  to  the 
small  size  range  of  the  data  as  we  have  noticed  that  the  distributions  tsJcen  in  similar 
waters  but  over  larger  size  ranges  are  generally  decomposed  into  several  components. 

Significant  correlation  between  the  diameter  at  which  the  peak  of  the  distribution 
Dpeak  occms  and  the  maximum  value  of  the  distribution  function  itself  FDmax  be 
seen  in  figure  11.  The  equation  of  the  straight  line  fit  is  given  by: 

FD^ax  =  3.645JD-2j.  (13) 

A  similar  correlation  between  the  width  of  the  log-normal  component  eind  Dp^ak  can  be 
seen  in  figure  12. 

width  =  l.Z6SD-^l^  (14) 

The  significant  correlation  between  width  and  Dp^akij^  —  .991)  is  a  consequence  of  the 
constraint  that  the  envelope  of  the  sum  of  all  components  of  the  particle  size  distribution 
is  approximately  described  by  an  power  law.  Thus  the  smaller  the  Dpeak^  the  narrower 
must  the  component  be. 

We  have  recently  attempted  to  see  if  correlations  could  be  foimd  between  the  for 
the  total  surface  area  and  the  total  volume  of  the  sub  components.  This  work  is  so  far 
inconclusive  and  we  believe  that  the  problem  is  due  to  the  extremely  long  tail  of  the 
0th  order  log-normal  distributions.  When  one  tries  to  evaluate  the  moments  of  such  a 
distribution  one  finds  that  the  most  significant  contributions  come  from  a  size  range  that 
is  many  widths  removed  from  the  peak  or  even  centroid  of  the  distribution.  This  requires 
an  extreme  extrapolation  away  from  the  size  range  over  which  the  parameters  of  the 
distribution  itself  were  determined.  Other  distributions  such  as  higher  order  log-normal 
functions  would  alleviate  the  problem.  Such  distributions  would  require  a  full  nonlinear 
least  squares  fitting  algorithm.  These  algorithms  require  a  good  set  of  initial  guesses  to 
converge.  The  estimate  of  the  width,  peak  location  and  peeik  height  given  by  the  present 
algorithm  could  be  used  to  provide  this  input.  The  present  method  can  be  therefore 
considered  as  a  required  first  step  in  the  analysis  of  particle  size  distributions  into  more 
physically  based  probability  distributions. 

5.  CONCLUSIONS 

We  have  analyzed  an  extensive  data  base  of  oceanic  phase  functions  by  a  new  approx¬ 
imate  formula  based  on  the  anomalous  diffraction  approximation  and  assuming  a  power 
law  distribution  for  the  particle  size  distribution.  Even  though  the  fit  to  the  phase  func¬ 
tions  themselves  is  excellent,  no  significant  correlations  could  be  foimd  at  this  time.  A 
more  rigorous  derivation  of  the  approximating  expression  is  required.  In  particular,  the 
backscatter  correction  must  be  directly  related  to  the  relative  index  of  refraction  and  the 
inverse  power  of  the  distribution  function. 

We  have  decomposed  a  data  base  of  experimental  data  sets  of  particle  size  distributions 
into  0th  order  log-normal  components.  Significant  correlations  were  seen  between  the 
location  and  value  of  the  peak  of  the  distribution  functions  as  well  as  between  the  width 
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and  peak  location  of  the  same  functions.  Analysis  of  the  higher  moments  of  the  distribution 
function,  such  as  total  area  and  total  volume,  indicate  that,  because  of  its  long  tail,  the 
0th  order  log-normal  distribution  is  not  an  appropriate  form  for  the  evaluation  of  such 
quantities.  The  present  method  must  be  considered  as  a  necessary  step  to  obtain  the 
initial  estimates  of  the  parameters  of  more  realistic  distributions.  These  estimates  could 
then  be  used  in  a  full  nonlinear  fitting  algorithm. 
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Figure  1.  Plot  of  the  index  of  refraction  factor  against  the  power  of  the  particle  size 
distribution  function  p.  The  average  index  is  1.17. 


Figure  2.  Plot  of  the  amplitude  parameter  against  the  power  of  the  particle  size 
distribution  function  n. 


562  ism  Vol.  2256  Ocean  Optics  XII  (1994) 


Figure  3.  Plot  backscatter  amplitude  parameter  against  the  power  of  the  particle  size 
distribution  function  /i. 


Figure  4.  Plot  of  the  backscatter  a  parameter  against  the  power  of  the  particle  size 
distribution  function  ft. 
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Figure  5.  Plot  of  the  total  scattering  coefficient  against  the  power  of  the  particle  size 
distribution  function  fi. 


Figure  6.  Plot  of  the  ratio  of  forward  to  backward  scattered  light  against  the  power 
of  the  particle  size  distribution  function  p. 
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Figure  7.  Plot  of  the  backscatter  coeflScient  against  the  power  of  the  particle  size 
distribution  function  p. 


Figure  8.  Plot  of  the  mean  cosine  against  the  power  of  the  particle  size  distribution 
function  fi. 
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Figure  9.  Plot  of  the  nonnalized  second  moment  against  the  power  of  the  particle  size 
distribution  function  ft. 


Figure  10.  Particle  size  distribution  represented  by  4  log-normal  components. 
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Figure  11.  Relationship  between  the  location  and  the  amplitude  of  the  peak  of  the 
distribution  fimctions.  The  904  log-normal  components  of  the  412  experimental  particle 
size  distributions  are  plotted. 
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Figure  12.  Relationship  between  the  location  of  the  peak  of  the  distribution  functions 
and  their  widths.  The  904  log-normal  components  of  the  412  experimental  particle  size 
distributions  are  plotted. 
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ABSTRACT 

The  paper  deals  with  some  aspects  of  the  underwater  imaging  theory.  The  first  effect 
discussed  is  the  increasing  of  sighting  range  of  sea  bottom  with  an  observer's  altitude 
over  the  sea  surface.  Calculations  show  that  the  maximal  sighting  range  from  the  space 
under  the  most  favorabie  conditions  does  not  exceed  500  meters.  Secondly,  the  dependence 
of  the  sighting  range  and  the  resolution  on  size  of  target  elements  and  target  itself  is 
considered.  It  is  shown  that  the  apparent  contrast  of  target  elements  equal  in  size  is 
higher  for  smaller  targets.  Computations  prove  the  nonmonotone  dependence  of  contrast  on 
distance  between  the  observer  and  the  target.  Finally,  we  consider  the  possibility  of 
observation  of  the  ocean  bottom  in  coastal  waters  through  clouds  and  show  that  large 
details  of  the  bottom,  such  as  sand  spots  against  the  seaweeds  background,  can  be  seen 
through  continuos  clouds  with  an  optical  thickness  under  10. 


1.  INTRODUCTION 

The  theory  of  underwater  imaging  is  now  one  of  ^  yie  most  well  studied  parts  of 
hydrooptics,  represented  in  a  number  of  monographs  (e.g.  t  and  in  lots  of  papers.  In  the 
present  paper,  we  do  not  pose  any  new  problems  of  this  theory.  Rather,  we  ^all  discuss 
some  of  its  traditional  aspects  which  have  to  do  with  the  paradoxes  of  abnormal  sighting 
range  (SR)  or  resolution  in  the  sea  water.  It  seems  that  the  sources  of  these  paradoxes 
lie  in  the  long-existing  desire  to  see  in  water  as  far  as  possible. 

First,  there  is  the  well-known  effect  of  Increasing  the  SR  by  increasing  the  observer 
altitude  over  the  sea  surface.  Pilots  and  cosmonauts  sometimes  reported  about  the 
visibility  of  the  sea  bottom  relief  even  on  the  depth  of  about  several  Mlometers.  Such  a 
SR  evidently  contradicts  the  underwater  imaging  theory.  It  seems  that  a  reasonable 
explanation  of  the  SR  of  several  kilometers  lies  in  the  fact  that  a  false  image  of  the 
bottom  relief  might  be  formed  by  the  water  layers  with  increased  turbidity,  which  Hse  on 
the  several  kilometers  from  the  bottom  and  repeat  the  shape  of  the  bottom  relief  '  .  But 
the  effect  of  a  better  visibility  from  an  airplane  or  satellite  compared  with  that  from  a 
ship,  really  exists.  Here  we  shall  discuss  possible  sources  of  this  effect  and  find  out 
the  real  maximal  SR  for  the  satellite  observations. 

We  shall  also  discuss  the  effect  of  abnormal  resolution  in  water  discovered  by 
Duntley”.  We  explain  the  cause  of  this  effect  and  show  the  peculiarities  of  the 
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dependence  of  the  SR  and  the  spatial  resolution  on  the  size  of  the  target. 

Finally,  we  shall  consider  a  possibility  of  viewing  the  sea  bottom  in  coastal  waters 
through  clouds.  The  private  information  |M*ovided  by  cosmcmaut  Oleg  Makarov,  who  have  seen 
the  river  Volga  from  the  satellite  in  conditions  of  total  cloudiness-,  has  given  the 
impetus  to  this  investigation. 


2.  THE  DEPENDENCE  OF  VISIBILITY  OF  THE  SEA  BOTTOM 
ON  THE  OBSERVER’S  ALTITIIDE  OVER  THE  SEA  SURFACE 

The  apparent  contrast  of  an  underwater  target  C  is  related  to  its  inherent  contrast  as 

C  =  CT  (q.z,d)  /  II  +  L  /  L  1,  (1) 

0  ba  t 

where  T(q,z,d)  is  a  function  of  the  contrast  transmitting,  depending  on  spatial  frequency 
of  target  details  g.  on  the  thickness  of  a  water  layer  between  the  target  and  the  observer 
z,  and  on  the  object  size  d;  L  and  L  are  average  apparent  radiances  of  the 

bs  ^ 

backscattered  light  ("haze")  and  of  the  target,  respectively.  When  a  target  is  infinite.  T 
is  equal  to  the  modulation  transfer  function  MTF  (g.z). 

Neither  L  nor  L  depend  on  the  observer’s  altitude  H  over  the  sea  surface  (if  not 

ba  t 

to  take  into  account  the  atmosphere  haze,  which  decreases  the  contrast  and  the  SR).  The 
main  reason  of  increasing  the  SR  of  the  sea  bottom  with  H  is  that  an  observer  begins  to 
perceive  the  large-scale  roughness  of  the  bottom  relief  or  the  large-scale  heterogeneity 
of  its  reflectance  as  a  whole.  In  this  case,  the  image  of  these  details  is  transferred 
through  a  water  layer  without  any  lost  of  the  contrast  (due  to  their  large  sizes). 

In  order  to  clarify  this  assertion,  let  us  consider  a  simplified  model  of  the  sea 
bottom  in  the  form  of  a  plane  with  irregulBU*  reflectivity,  which  consists  of  the  infinite 
harmonics  «  cos  ql  with  various  spatial  frequencies  g.  Instead  of  g  »  is 

length  of  "black-white"  pair,  or  the  period  of  the  harmonic),  the  angular  spatial 
frequency  v  •*  zq/2n  ■■  z/l^  can  be  used.  The  image  of  the  bottom  will  be  the  sum  of 

harmonics  with  the  same  spatial  frequencies  g  and  the  amplitudes,  expressed  by  the  MTF 
(g,z). 


Using  the  refined  small-angie  diffusion  sqsproximation  of  the  radiation  transfer 
theory^  we  obtain  a  simple  expression  for  MTF: 

MTF(v,bz)  =  exp(-bz)  +  (1  -  exp(-bz))  exp  -j - K  (2) 

[  31 1  -exp(-bz)J  J 

where  b  is  the  water  scattering  coefficient.  <8^  >  the  variance  of  the  scattering  phase 

4S 

function  calculated  within  an  angle  range  0  <  6  <  45**.  In  the  natura^  waters  the  value  of 
<0~>  ranges  from  0.03  to  0.08.  its  most  typical  value  being  0.04  .  It  is  evident  from 

Eq.(2)  that  MTF  -♦  1  if  v  •*  0,  and  MTF  •*  exp(-bz)  if  v  ■»  «.  MTF  for  several  bz  with  <0^  > 

0.04  is  presented  in  Fig.l.  One  can  see  that  MTF  is  virtually  equal  to  its  asymptotic 
value  exp(-bz)  for  v  «  z/l^  “  3  rad"*. 
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Underwater  imaging  systems  are  usually  used  for  viewing  details  which  are  smaller 
than  one  meter.  So,  for  the  usual  z  of  tens  of  meters  v  »  z/l^  is  always  larger  than  3 

rad~‘,  and  the  SR  of  these  details  (on  the  infinite  tEU*get)  does  not  depend  on  Large 

details  with  i/  <  3  rad~^  can  not  go  in  a  viewing  field  angle  ^  of  an  underwater  observer 
at  all,  if  1/v  >  and  thus  he  will  not  see  them  even  if  their  apparent  cmtrast  is  high. 
But  if  the  observer  is  placed  on  the  large  altitude  H  above  the  sea  surface  such  elemmits 
will  easily  fall  in  the  viewing  field. 

To  express  this  effect  quantitatively,  let  us  accept  that  the  condition  of  the  target 
visibility  is  that  the  viewing  angle  ^  must  Include  not  less  than  m  periods  l^.  Thai,  for 

the  observation  from  the  altitude  H,  m  “  ^(H  *  z/n)/l^,  where  n  is  the  water  refractive 

index,  or 

p  =  .  - E™ - ,  (3) 

lfi(H  +  z/n) 

i.e.  for  fixed  m  emd  z,  v  decreases  with  the  Increase  of  the  altitude  H. 

« 

The  substitution  of  E:q.(3)  to  Eq.(2)  gives  an  expression  for  contrast  (IfTF  )  of  the 
harmonic,  from  which  exactly  m  periods  will  go  in  observer's  view  on  any  altitude  H.  It  Is 

clear  that  a  period  of  this  harmonic  I  will  increase  and,  consequently,  the  angular 

®  * 

frequency  v  s  z/l^  will  decrease  with  H.  The  dependency  of  MTF  on  H  calculated  by 

Eqs.(2),(3)  for  m  =  4,  z  »  50  m,  b  «  0.1  m”*,  ^  «30®,  <0^  >  *  0.04  is  presented  in 

«  ^ 

Fig.  2.  For  these  conditions,  KCTF  begims  to  increase  from  its  asymptotical  value 

exp(-bz)  at  //  o  100  m  and  achieves  an  almost  maximal  value  for  H  1.5  km  . 

This  effect  becomes  apparent,  for  example,  when  large  sand  banks  are  viewed  against 

the  background  of  dark  bottom  areas  covered  by  seaweeds.  The  sand  bank  with  uniform 
reflectance  will  not  go  in  the  viewing  field  and  will  turn  out  invisible  if  an  observer  Is 

at  a  low  altitude  or  under  the  sea  surface.  The  small-scale  inhomogeneltles  of  bank 

reflectance  may  also  be  invisible  because  of  the  contrast  attenuation  In  water  exp(-bz). 
At  the  same  time,  the  sand  bank  as  a  whole  will  be  visible  against  the  dark  background 
when  observed  from  a  large  altitude  H,  because  the  apparent  contrast  proves  to  be 
sufficiently  high  due  to  its  large  size. 

An  additional  increase  of  the  contrast  in  the  this  case  is  due  to  the  spatial 
averaq^lng  of  the  fluctuations  of  bottom  and  surface  images  associated  with  the  surface 
waves^.  However,  the  SR  of  underwater  targets  in  daylis^t  is  mainly  limited  not  by  MTF, 
but  by  the  backscattered  light  Let  us  find  out,  how  far  cm  observer  really  sees  the 

sea  bottom  from  the  satellite  under  the  most  favorable  conditions.  Since  we  are  interested 
in  the  largest  possible  sighting  range,  we  shall  ignore  the  llg^t  attenuation  in  the 
atmosphere  and  shall  assume  that  MTF  a  l,  a  1,  i.e.  we  shall  consider  very  large 

light-colored  targets  against  tl^  dark  background.  In  this  case  Eq.(l)  for  the  apparent 
contrast  has  the  following  form 

-1 

P  ♦  +  P.) 

1  +  - - - - -  ,  (4) 

R  exp(-(l  ♦  l/p)az) 
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where  p,  p^  and  p^  are  the  radiance  coefficients  of  the  water  body,  the  sea  sui*face  and 

the  atmosphere  correspondingly.  ^  the  average  Reflectance  of  the  target,  p  the  cosine  of 
the  sun  ray  refractive  angle  (p‘  >  1  -  sin  6/n  ,  6  the  solar  zenith  angle),  and  a  the 
water  absorption  coefficient. 

Let  us  further  assume  that  6  »  40**  (p  ^  0.88),  the  typical  values  of  p^  >■  0.04  and  p 

s  0,02  for  the  purest  atmosphere  and  water,  p^  «  0.01  for  the  wind  velocity  v  »  10  m/s  and 

nadir  observation  d^ection*.  By  putting  these  values  in  Eq  (4),  and  by  replacing  C  by  the 
contrast  threshold  C  »  o.Ol  and  solving  Eq.(4)  with  respect  to  z  we  obtain  the  maximal  SR: 

z  -  0.47(6.8  +  in  Jt)  a~\  (5) 

max 


So  the  maximal  SR  is  inversely  proportional  to  the  water  absorption  coefficient. 
Therefore,  it  is  important  to  select  the  spectral  region  for  viewing,  which  corresponds  to 
the  minimum  water  absorption  in  the  place  of  observation.  Let  choose  for  example,  R  - 
0.3  and  the  absorption  of  the  purest  ocean  water  a  »  0.(X)5  m~*  (wavelength  X  »  470  nm) 

min 

Then  Eq.(5)  gives  L  530  m  which  is  slightly  greater  than  reported  by  cosmonaut 

max 

Sevast’anov  *  L  «  4(X)  m  .  The  value  of  L  «  500  m  can  apparently  be  considered  as 
max  max 

the  maximal  sighting  range  In  natural  waters. 


it  is  interesting  to  compare  this  value  with  the  SR  imder  the  same  conditions,  but 
for  a  small  H  (from  a  ship)  and  for  a  large  v  >  3  rad”*.  In  this  case  Eq.(4)  can  be 
written  as: 


C  -  exp(-bz) 


1  + 


2 

p  +  n 

R  exp  (-(1  +  l/p)az) 


(6) 


The  solution  of  Eq.(6)  with  respect  to  z  for  the  same  values  of  C  ,  R,  p,  p,  and  a  gives 
the  maximal  SR  =  80  m  for  b  s  0.05  m~  ,  SR  s  260  m  for  b  »  0.01  m  ,  and  SR  »  40  m  for  b 
=  0.1  m"\ 


3.  THE  SIGHTING  RANGE  AND  SPATIAL  RESOLUTION  AS  A  FUNCTION  OF  TARGET  SIZE 

It  is  well  known,  that  the  SR  of  usual  underwater  targets  in  the  daylighted  sea  or  if 
the  lamp  is  placed  near  an  observer  is  about  bz  »  2-5  .  If  the  target  is  self-luminous, 
or  if  the  lamp  is  situated  near  the  target,  the  backscattered  radiance  L  «  o.  and  the 

apparent  contrast,  as  well  as  the  SR.  increase.  In  this  case  C/C^  »  T{v,z,d)  (see 

(Eq.D).  If  the  target  is  infinite,  T(y,z,d^  »  MTF(v,z)  which  takes  the  asymptotic  value 
exp(-bz)  for  spatial  frequency  >  3  rad~  .  Therefore,  if  the  scattering  loigth  bz  >  4.6  , 
the  apparent  contrast  of  an  infinite  target  even  for  the  maximal  Inherent  contrast  ^  *  1 

®  • 

and  without  ray  haze  (a  self-luminous  object)  becomes  less  than  the  contrast  threshold  C  « 
0.01.  Duntley”  photographed  a  small-sized  underwater  object  (a  dummy)  with  a  lamp  placed 
near  the  object  and  obtained  a  good  image  quality  at  the  distance  bz  ■  7.2.  He  treated 
this  result  as  a  "mystery".  This  phenomenon  has  in  fact  a  simple  ^pcplanation.  For  targets 
with  the  limited  size  d  the  contrast  transmitting  function  is  given  by  ^ 
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T[q,z,d)  =  MTF(q,z)  /  F(a,bz), 


(7) 


where  F  is  the  integral  of  the  point  spread  function  over  the  target  area.  It  is  a 
function  of  the  tau'get  amgulau'  diameter  a  =  d/z  and  the  optical  distance  (bz)  between  the 
observer  and  the  target.  Using  the  refined  small-angle  diffusion  approximation  of  the 
radiation  transfer  theory  ,  we  obtain  the  following  simple  expression  for  F  : 


Fltt.bz)  =  1  -  (l-exp(-bz))  exp 


3a^(  l-exp(-bz)) 

4<e^  >bz 
45 


(8) 


This  function  ranges  from  1  for  an  infinitely  large  target  to  exp(-bz)  for  an 
infinitely  small  one.  Thus  for  small  targets,  the  value  of  T  is  much  greater  than  the  MTF, 
and  the  apparent  contrast  of  details  on  the  small  self-luminous  target  may  be  greater  Uian 
exp(-bz). 


The  dependencies  of  the  function  T  which  is  the  apparent  contrast  of  details  on  the 
self-luminous  target  with  the  inherent  contrast  »  1,  on  a  distance  bz,  for  targets  with 

various  sizes  a  a  d/z  and  p  >  3  (MTF  »  exp(-bz))  calculated  by  Eqs.(7),(8)  are  shown  in 
Fig.  3.  Fig.  4  represents  dependency  of  the  SR  (bz  )  on  the  target  angular  size  for  the 

mftx 

s^e  targets.  The  SR  has  been  found  by  solving  the  equation  T(bz)  =  exp(-bz)  /  F(a,bz)  = 
C  =0.01  with  respect  to  bz.  Note,  that  the  dependency  T(bz)  turned  out  to  be  nonmonotone 
with  one  minimum  at  bz  <  1  and  one  maximum  at  bz  =  2-5  .  The  contrast  increase  occurs  at 
the  distances  where  a  visible  size  of  glow  due  to  light  scattering  becomes  greater  than  a 
visual  target  size. 

Thus,  the  SR.  of  elements  with  large  spatial  frequency  on  a  small  self-luminous  object 
is  always  greater  than  that  of  the  same  elements  on  the  large  object.  Consequently,  the 
spatial  resolution  of  object  elements  is  greater  for  smaller  objects  at  the  given 
distance. 


In  the  daylight  observations  the  SR  strongly  depends  on  the  value  of  the 
backscattered  radiance  L  .  Since  the  average  object  radiance  L  =  L  (a  =  «)  F(a),  one  can 

bS  X  V 

see  from  Eqs.(l),(7),  that  if  L  »  L  than  C  ^  MTF  L  (a=w)/L  ,  i.e.  it  does  not 

bs  t  0  1  bs 

depend  on  the  object  size. 

So  far  we  have  considered  a  problem  of  "recognition"  of  the  target,  which  presupposes 
that  one  may  detect  several  elements  on  the  object.  Sometimes  the  goal  of  an  observer  is 
to  detect  the  temget  as  a  whole,  without  distinguishing  its  elements.  In  this  case  the 
contrast  of  the  target  against  the  water  background  is  greater  for  large  objects  with  a 
larger  apparent  radiance.  It  is  true  for  both  illuminated  and  self-luminous  targets. 

4.  VISIBILITY  THROUGH  CLOUDS 


In  order  to  estimate  the  possibility  of  viewing  the  sea  bottom  in  coastal  waters  through  a 
continuous  cloud  layer,  let  us  use  Eq.(l).  In  this  case,  the  function  T  is  a  product  of 

and  T  for  the  water  anU  the  cloud  respectively,  L  and  L  are  the  radiances  on  the  upper 

c  bs  ^ 

boundary  of  cloud  layer.  We  shall  again  consider  the  large  targets  (MTF  =  1  for  water  and 
clouds).  Then  Eq.(4)  can  be  written  as 
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-1 


(9) 


R  +  t  (0)t  (0)(p  +  n^ip  +p  ))  ■ 

C  C  C  ■  ft 

1  +  - 

i?exp(-(l+l/p)az)t  (0)t  (0) 

c  c  •* 

where  t  (0)  is  the  transmittzmce  of  the  cloud  layer  depending  on  the  solar  zenith  angle  0, 
€ 

R  the  cloud  reflectance.  We  have  performed  a  Monte-Carlo  simulation  of  R  and  t  (0)  for 

c  c  c 

the  cloud  optical  thicknesses  t  =  0-40,  the  single  scattering  albedo  =  0.995-1.0,  0  = 

0-60“  for  Darmendjlan  cloud  model  C-l.  Some  results  of  the  simulation  are  presented  in 
Table  1. 


Table  1 

The  tramsmittance  t  and  the  reflectance  R  of  a  continuous  cloud  layer 

C  C 


(i) 

=  1 

) 

fa>  =  0.995 

0 

T 

o 

O 

II 

(D 

_ 

0  =  25** 

0  = 

0** 

0  = 

25** 

t 

t 

t 

R 

t 

c 

c 

c 

C 

e 

2 

0.909 

0.891 

0.899 

0.088 

0.879 

0.106 

4 

0.809 

0.783 

0.788 

0.  18L 

0.760 

0.207 

5 

0.726 

0.687 

0.694 

0.257 

0.654 

0.293 

7 

0.655 

0.614 

0.613 

0.319 

0.572 

0.355 

10 

0.596 

0.553 

0.545 

0.366 

0.501 

0.405 

20 

0.408 

0.369 

0.317 

0.498 

0.282 

0.533 

Note:  forw  =  l,i?  =  l-  t. 

0  c  c 


The  result  of  calculation  of  C  for  clear  water  (a  =  0.01  m'*)  and  for  rather  small 
depths  z  -  25  m  and  z  =  10  m  is  presented  in  Fig.5  for  =  0,995,  0  =  25**  and  various 

cloud  optical  thicknesses  t.  The  target  is  the  large  sand  banks  (R^  =  0.3)  against  the 

seaweeds  background  (R  =  0.1).  So  the  inherent  contrast  C  =(R  -  R  )/(R  +  R  )  =  0.5, 

2  0  12  12 

R  =  0.5(Rj  +  R^)  =  0.2.  As  above,  we  assume  that  p  =  0.02,  p^  «  0.01,  and  p^  =  0.04. 

As  follows  from  Fig.5,  large  details  of  the  sea  bottom  can  be  seen  through  clouds 
with  T  =  5-10  if  the  contrast  threshold  is  4-10%  (for  viewing  through  inhomogeneous  and 
fluctuating  cloud  layer  the  contrast  threshold  will  be  greater  than  1%,  as  was  taken  for 
standard  conditions). 

The  natural  question  arises;  which  object  size  is  sufficient  to  take  this  object  to 
be  large  enough,  i.e.  to  put  MTF  =  1.  We  have  comput'd  the  MTF  of  water  and  cloud  layers 
(taking  into  account  the  distance  between  the  sea  stirfare  and  the  cloud  layer)  by  using 
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the  small-angle  approximation  of  the  radiation  transfer  theory  .  The  computation  has 
shown  that  for  thin  clouds  (t  «  1-2)  the  elements  of  0.1-0.5  km  can  be  taken  as  large, 
for  more  thick  clouds  (t  s  5-10)  only  those  of  1-5  km  . 
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Fig.l  The  MTF  of  a  water  layer  for  various  scattering  lengths  bz. 
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Fig.2  The  MTF  calculated  for  the  fixed  number  m  «  4  of  elements  on  the  sea  bottom,  going 
In  the  observer  viewing  field,  as  a  function  of  the  observ«'’s  altitude  over  the 
sea  surface  . 


DISTANCE  hz  (scattering  lengths) 


Fig.  3  The  contrast  transmittance  functlmi  T  for  small  details  of  the  self-luminous 
targets  with  various  sizes  d.  The  ntmbe^  near  the  curves  are  related  to  the 
dimensionless  target  area  S  ■  0.75b*dV<e^>  ■  0.75,  0.075,  and  0.0075  (for  b  ■ 

0.1  m~‘  and  <0^  >  "  0.04  these  values  of  S  correspond  to  d  ■  2m,  0.63m,  and  0.2m). 
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Fig.4  The  maximal  sighting  range  of  small  details  as  a  function  of  the  target  angular 
size  a  «  d/z. 


Flg.5  The  apparent  contrast  of  the  sea  bottom  (large  sand  tpotm  on  the  aeaweeda 
background)  in  pure  water  (the  absorption  coefficient  a  ■  0.01  m~ )  as  Tiewed 
through  continuous  clouds.  Depths  z  ■  10  m  and  25  m. 
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ABSTRACT 

We  have  studied  temperature  dependent  changes  of  the  absorption  coefficient  of  pure  water  at 
several  wavelength  bands  in  the  visible  portion  of  the  spectrum.  A  WET  Labs  Inc.  nine  wavelength 
absorption  and  attenuation  meter  (AC-9)  was  used  to  measure  the  absorption  coefficient.  We  found 
the  largest  temperature  dependence  (0.(K)34  m  *°C')  at  the  longest  wavelength  tested  (715  nm).  The 
temperature  dependence  at  shorter  wavelengths  was  less  than  a  third  of  that  observed  at  715  nm. 
Because  of  the  experimental  arrangement  we  believe  that  the  figures  obtained  represent  the  upper 
bound  of  possible  values  for  the  temperature  dependence  of  the  absorption  coefficient. 

1.  INTRODUCTION 

Absorption  of  light  by  water  is  a  fundamental  process  of  interest  to  many  investigators  who 
study  light  in  hydrological  environments.  The  absorption  coefficient  is  the  parameter  used  to 
provide  a  measure  of  the  absorption  in  a  length  of  water.  The  total  absorption  coefficient  is  the  sum 
of  the  absorption  coefficients  of  the  individual  components  including  the  absorption  coefficient  of 
water.  The  total  absorption  coefficient  is  an  input  to  the  radiative  transfer  equation  and  is  important 
for  the  study  of  remote  sensing  and  to  many  biological  studies. 

There  is  good  reason  to  suspect  that  environmental  parantKters  may  effect  the  value  of  the 
absorption  coefficient  of  water  at  certain  wavelengths.  As  early  as  1925  the  effect  of  temperature  on 
the  absorption  coefficient  in  the  infrared  was  studied'.  Collins  shows  that  temperature  is  very 
important  in  determining  the  shape  and  magnitude  of  the  absorption  maxima  associated  with  the 
overtones  of  the  three  O-H  vibration  frequencies  for  water.  Since  a  water  is  molecule  is  polar  it 
tends  to  form  loosely  bonded  clusters  of  molecules.  The  energy  states  of  the  clusters  differ  from 
those  of  individual  molecules  causing  changes  in  the  vibrational  energy  states  and  changes  in  the 
absorption  coefficient.  The  bonds  within  these  clusters  are  weak  making  the  size  and  number  of  the 
clusters  dependent  on  the  temperature.  Several  works  show  that  in  the  infrared  portion  of  the 
spectrum  the  value  of  the  absorption  coefficient  is  highly  dependent  on  temperature*’^^.  The 
magnitude  of  the  variation  of  a(X)  with  temperature  is  shown  to  decrease  at  shorter  wavelengths. 
Temperature  is  not  the  only  environmental  parameter  that  changes  the  absorption  coefficient  of 
water  in  the  infrared.  Water  molecule  clusters  also  form  around  ions  in  solution.  Variations  in  the 
absorption  coefficient  with  ion  type  and  concentration  have  been  found.  The  magnitudes  of  these 
variations  are  smaller  than  the  variations  with  temperature^ 
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The  overtones  of  the  O-H  vibrational  frequency  continue  into  the  visible  portion  of  the 
spectrum  (400  to  7(X)  nm).  Notably,  the  absorption  shoulders  at  5 15  and  60S  nm  are  high  order 
overtones.  We  then  expect  that  the  absorption  coefficient  in  at  least  these  regions  of  the  spectrum 
depends  on  the  environmental  conditions.  How  the  absorption  coefficient  varies  with  temperature  at 
these  overtones  and  whether  other  portions  of  the  spectrum  have  temperature  dependent  absorption 
coefficients  are  questions  that  motivated  this  study. 

Because  of  the  low  absorption  in  the  visible  part  of  the  spectrum  there  have  been  relatively 
few  studies  of  the  absorption  coefficient  in  this  region.  Some  work  has  been  done  to  determine  the 
magnitude  of  a(A.),  but  until  recently  little  work  has  been  done  in  trying  to  determine  which 
environmental  parameters  might  affect  the  absorption  at  visible  wavelengths.  Tam  and  Patel^ 
mention  that  the  absorption  shoulders  at  SIS  nm  and  60S  nm  have  a  temperature  dependence. 
H0jerslev  and  Trabjerg^  indicate  that  for  the  region  of  400-6(X)  nm  there  is  an  incremental  change  in 
a(X,)  with  temperature  of  -3x10'^  m  '  °C  '  for  the  temperature  range  of  10  to  30  “C.  Pegau  and 
Zaneveld^  show  that  the  shape  of  the  absorption  maximum  at  74S  nm  and  the  absorption  shoulder  at 
60S  nm  change  with  temperature.  Pegau  and  Zaneveld^  set  the  curves  of  the  absorption  coefficient 
equal  at  68S  nm  to  facilitate  examination  of  changes  in  the  shapes  of  the  absorption  coefficient 
curves.  By  normalizing  all  curves  to  the  same  value  at  68S  nm  they  were  unable  to  study  any 
possible  systematic  change  in  the  absorption  coefficient  with  temperature  such  as  had  been  reported 
by  Hdjerslev  and  Trabjerg^. 

In  this  study  we  look  at  discrete  wavelength  bands  from  412  to  7 IS  nm  using  WET  Labs  Inc. 
AC-9  absorption  and  attenuation  meters.  We  determine  if  there  is  a  spectrally  independent  rise  in 
the  value  of  the  absorption  coefficient  with  temperature  between  approximately  10  and  3S  °C.  We 
study  the  absorption  shoulder  at  SIS  nm  to  determine  if  there  is  an  increased  dependence  on 
temperature  at  this  O-H  vibrational  overtone. 

2.  METHODS 

We  used  2S  cm  pathlength  WET  Labs  Inc.  AC-9  combined  absorption  and  attenuation  meters 
to  determine  the  absorption  coefficient.  Two  separate  instruments  were  used  to  ensure  that  the 
results  were  not  dependent  on  the  individual  instrument.  Two  styles  of  detectors  were  used  in  one 
instrument  for  reasons  explained  below.  In  this  study  we  only  use  the  reflecting  tube  absorption 
meter*  portion  of  the  AC-9.  The  spectral  intervals  studied  where  determined  by  the  set  of  nine 
interference  filters  in  each  instrument.  The  interference  filters  had  a  10  nm  full  width  half  max. 
bandpass.  The  filter  sets  of  both  instruments  included  412, 440, 488, 6S0, 676,  and  71S  nm  filters. 
The  other  three  filters  were  different  in  each  instrun^nt  with  S20,  S60,  and  630  nm  filters  used  in 
instrument  1  and  SIS,  S32,  and  SSO  nm  filters  in  instrument  2. 

The  AC-9  was  connected  to  a  350 1/day  reverse  osmosis  water  filter  using  IS  m  of  plastic 
tubing.  Water  flow  temperature  was  varied  by  placing  portions  of  the  plastic  tubing  into  hot  or  cold 
water  baths.  Water  temperature  was  monitored  at  the  discharge  port  of  the  absorption  meter  flow 
tube.  Removing  all  of  the  coils  from  the  baths  allowed  a(X)  at  a  single  temperature  to  be  measured 
several  times  throughout  an  experiment  to  ensure  that  the  water  quality  was  constant. 
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Even  though  the  electronics  of  the  AC-9  are  temperature  compensated,  we  placed  the 
instruments  in  a  water  bath  to  ensure  constant  instrument  temperature  throughout  each  experiment. 
We  desired  the  extra  temperature  control  on  the  instrumentation  because  the  magnitude  of  the 
electronics  temperature  correction  was  often  larger  than  the  expected  temperature  dependence  of  the 
absorption  coefficient  of  water.  The  water  bath  helped  to  prevent  errors  in  the  electronic 
temperature  compensation  from  dominating  our  results.  Placing  the  instruments  in  the  water  bath 
did  not  prevent  possible  localized  variations  in  temperature  especially  at  the  detectors  of  the 
absorption  meters.  The  detector  of  the  absorption  niters  is  potted  to  the  diffuser  window  which  is  in 
contact  with  the  water  flow  and  the  temperature  of  the  detector  may  vary  with  the  temperature  of  the 
sample  water.  This  may  allow  some  electronic  errors  associated  with  changes  in  the  detector 
response  with  temperature  to  be  included  in  our  Endings.  Two  styles  of  detectors  were  used  to 
provide  an  indication  of  how  the  results  depended  on  the  detector  response  with  temperature. 

We  measured  the  absorption  coefficient  for  approximately  3.5  minutes  to  obtain  1000  samples 
at  each  temperature.  The  1000  samples  were  then  averaged  to  provide  the  data  points  used.  We 
performed  a  linear  regression  between  the  measured  absorption  coefficients  and  the  temperature 
measured  at  the  absorption  meter  discharge  (Figure  1).  The  slopes  determined  from  the  linear 
regressions  are  used  as  an  indication  of  how  the  magnitude  of  the  absorption  coefficient  depends  on 
the  water  temperature. 


WttToiyalaifC)  WMiTapalm^ 


Figure  1.  Linear  regression  fit  to  the  absorption  n^ter  data  from  run  3.  The  data  chosen  represents 
the  largest  [a(715)]  and  smallest  [a(676)]  slopes.  Data  points  are  given  with  the  95%  confidence 
interval.  A  constant  has  been  added  to  the  absorption  coefficient  data  so  that  the  absorption 
coefficient  at  20  °C  is  equal  to  the  value  of  Smith  and  Baker^.  Since  we  are  only  interested  in  the 
slope  and  not  the  intercept  of  the  regression  the  addition  of  the  constant  does  not  change  the  results. 
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3.  RESULTS  AND  DISCUSSION 


Only  at  the  7 15  nm  waveband  was  the  temperature  dependence  of  the  absorption  coefficient 
observed  to  be  as  high  as  0.003  (m  '  °C  ‘).  The  rest  of  the  visible  spectrum  had  much  lower 
temperature  dependencies  (Figure  2).  From  the  work  that  has  been  done  in  the  infrared  portion  of 
the  spectrum  we  would  expect  an  increase  in  the  temperature  dependence  in  regions  of  the  overtones 
of  the  O-H  vibrational  frequencies.  This  appears  to  be  the  case  for  the  715  nm  absorption 
coefOcient  which  is  affected  by  the  overtone  at  745  nm.  We  did  not  sample  at  the  605  nm 
absorption  shoulder  but  we  did  sample  the  5 15  nm  absorption  shoulder.  At  5 15  nm  there  is  some 
hint  that  the  overtone  has  a  higher  temperature  dependence  than  the  surrounding  wavelengths,  but 
the  difference  is  small  and  not  statistically  significant.  The  value  of  Aa(630)/AT  in  this  study  was 
found  to  be  the  same  as  in  the  data  included  in  Pegau  and  Zaneveld^.  At  715  nm  the  value  of 
Aa/AT  was  at  the  upper  limit  of  the  95%  confidence  interval  of  our  earlier  work.  The  higher 
Aa(715)/AT  found  in  the  present  study  is  probably  due  to  the  wide  bandwidth  of  the  interference 
filter  used  in  the  AC-9  allowing  the  longer  wavelengths  with  higher  temperature  dependencies  to 
contribute  to  the  results. 


Figure  2.  Slopes  of  the  linear  regressions  with  95%  confidence  intervals  for  the  seven  runs. 
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Since  we  kept  the  instrument  at  a  constant  temperature  of  approximately  22°  there  is  a 
possibility  that  the  sample  water  either  warmed  up  or  cooled  down  during  the  time  it  was  in  the  flow 
tube  of  the  instrument.  Since  the  temperature  was  monitored  at  the  discharge  port  of  the  flow  tube  it 
is  possible  that  the  average  temperature  within  the  tube  was  different  from  that  measured.  Errors  in 
determining  the  temperature  may  cause  our  estimates  of  the  values  of  Aa/AT  to  be  too  large.  We 
believe  that  our  estimates  of  the  temperature  dependence  represent  the  upper  limit.  The  temperature 
range  studied  was  approximately  ±10°  of  the  instrument  temperature  so  that  the  thermal  gradient 
between  the  instrument  and  sample  water  was  kept  small.  Since  the  thermal  gradient  was  small  we 
do  not  expect  large  difference  between  the  measured  water  temperature  and  the  average  temperature 
of  the  sample.  In  the  instances  where  a  much  higher  flow  rate  was  used  (runs  6  and  7)  the  slopes  of 
the  regression  were  smaller  than  those  measured  at  a  lower  flow  rate  (run  4)  (Figure  3).  The  only 
statistically  significant  difference  was  observed  at  715  nm  where  the  difference  in  slope  was  SxlO*^ 
m‘°C‘. 
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Figure  3.  Slopes  of  the  low  flow  (run  4)  and  high  flow  (runs  6, 7)  experiments  using  instrument  2. 

There  is  an  apparent  increase  in  the  temperature  dependence  of  the  absorption  coefficient  at 
412  and  440  nm  (Figures  2  and  3)  compared  to  wavelengths  in  the  S(X>-6(X)  nm  range.  From  488  nm 
to  longer  wavelengths  there  is  no  significant  differeiKes  in  the  values  of  Aa/AT  between  the  two 
types  of  detectors  (Figure  4).  When  we  used  a  different  style  of  detector  (runs  1  and  2)  the  increased 
temperature  dependence  was  not  observed.  We  believe  that  this  result  indicates  that  the  apparent 
increase  may  be  an  instrumental  error  associated  with  the  changes  in  the  detector  temperature. 


There  are  small  but  consistent  differences  among  the  slopes  of  the  two  separate  instruments 
used  when  the  same  flow  rate  and  detector  style  are  used.  These  differences  are  about 
0.(XX)3  m  '°C‘  (Figure  5).  We  are  uncertain  why  there  would  be  a  consistent  difference  between 
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instruments.  Our  best  estimates  of  the  temperature  dependence  of  the  absorption  coefficient  are 
given  in  Table  1.  The  estimates  are  based  on  the  average  of  all  measurements  excefrt  at  412  and  440 
nm  where  we  use  estimates  based  on  results  from  detector  style  one  only.  The  results  at  5 15  and 
520  nm  were  combined.  The  results  from  550  and  560  nm  were  also  combined. 


Figure  4.  Runs  made  using  the  same  instrument  with  different  detectors.  Runs  1  and  2  were  made 
with  detector  1  and  run  3  was  made  with  detector  2  using  instrumeni  1  in  all  cases.  The  most 
significant  differences  between  detectors  occur  at  the  shortest  two  wa\  lengths  tested. 


Figure  5.  Results  from  the  two  instruments  with  tiw  same  detects  and  water  flow  configuratirms. 
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Table  1.  Best  estimates  of  Aa/AT.  The  error  in  the  slopes  is  estimated  to  be  ±3x10** 
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440 

488 

515-520 

550-560 

650 

676 

715  1 

1  Aa/AT 
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4.  CONCLUSIONS 

We  found  the  largest  temperature  dependence  (0.0034  m  *  “C'‘)  at  715  nm.  This  temperature 
dependence  is  strongly  influenced  by  the  O-H  vibrational  overtone  at  745  nm.  Outside  the  region  of 
this  overtone  the  temperature  dependence  of  the  absorption  coefficient  is  smaller  (-0.0005  m  '  °C  '). 
Results  from  the  5 15  nm  overtone  hint  of  a  slightly  higher  temperature  dependence  but  there  is  no 
statistical  difference  between  the  temperature  dependence  at  515  nm  and  nearby  wavelength  bands. 
We  were  unable  to  reproduce  the  value  of  3x10"^  m'‘°C  ’  for  Aa/AT  from  400  to  600  nm  reported 
by  Hdjerslev  and  Trabjerg®. 

Predicting  light  distributions  in  hydrological  environments  depends  on  understanding  the 
absorption  and  scattering  properties  of  the  components  contained  within  the  environment.  In  all 
cases  water  will  be  a  component  that  contributes  to  the  total  absorption  coefficient.  How  the 
absorption  coefficient  of  water  changes  with  environmental  parameters  such  as  temperature  and 
salinity  is  important  in  understanding  the  total  absorption  coefficient  and  parameters  like  the 
remotely  sensed  reflectance,  that  depend  or  the  total  absorption  coefficient.  Research  on  the  effects 
of  environmental  parameters  on  the  absorption  coefficient  is  very  limited  and  the  different  studies 
do  not  fully  agree  on  the  effects  of  temperature  on  the  absorption  coefficient  of  water  in  the  visible 
portion  of  the  spectrum.  Changes  to  the  absorption  coefficient  with  temperature  of  the  order  of 
IxlO"^  m  ‘  °C‘‘  are  important  to  know  if  we  are  to  ever  calibrate  field  instruments  to  measure  the 
absorption  coefficient  to  the  third  decimal  place.  In  the  near-infrared  the  possible  errors  in 
measurements  due  to  uncorrected  temperature  changes  is  even  larger.  If  the  absorption  coefficient 
of  water  is  to  be  determined  to  0.001  m  ‘  we  will  need  to  do  further  work  to  understand  the 
importance  of  temperature  and  salinity  in  determining  the  magnitude  of  the  absorption  coefficient  of 
natural  waters. 
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ABSTRACT 

A  method  for  detection  and  estimation  the  parameters  of  jump-like  changes  of  the  expectation  of  optical 
•data  for  Ocean/  Sea  investigations,  based  on  changes  approximations  by  cumulative  distribution  functions,  is 
proposed.  Algorithms  and  programs  for  the  change-points  detection  and  estimation  of  the  expectation  of  a 
stochastic  process,  based  on  approximations  of  the  changes  by  cumulative  distribution  functions,  are  constructed 
and  tested. 


2.  INTRODUCTION 

The  change-points  of  characteristics  of  signals  obtained,  corresponding  the  changes  of  the  structure  and 
parameters  of  the  media  under  investigation,  are  usually  contained  in  the  Ocean/Sea  data.  The  changes  of  the 
mean  intensity,  for  given  delay,  reflects,  for  example,  the  jumps  of  transparency  coefficients  (due  to  the  presence 
of  an  object  in  the  area  investigated,  like  whale  or  fishes,  etc.),  or  temperature/pressure,  concentrations  of 
chemicals  in  the  areas  concerned,  etc. 

Detection  of  the  edges  of  the  areas  concerted  is  sigr^cant  in  different  applications:  fishing,  detection  of 
pollution  or  targets,  detection  of  areas  with  jump  like  changes  of  pressure,  temperature,  concentrations,  solving 
meteorology  problems,  etc.  The  nature  of  data  available  has  usually  stochastic  nature,  because  of  different 
noises,  both  in  the  me^  itself  and  in  the  receivers  and  multipliers  used  for  reception.  Hence,  for  evaluation  the 
methoids  of  deteaion  the  change  points  and  estimation  the  parameters  of  the  changes  one  must  take  into 
consideration  the  stochastic  nature  of  data  obtained. 

Jump-like  change  points  detection  and  parameters  of  the  jumps'  estimation  is  a  problem  of  the  statistical 
analysis  of  different  data.  The  different  approaches  have  been  applied  to  solve  the  problem.  The  traditional 
approaches  for  detection  of  jump-like  conges  are  sequential  approaches.  They  use  the  cumulath’e  sums 
algorithms  (called  CUSUM's  algorithms)  •  applying  the  procedures  like  founded  by  E.C.Page  must  be  processed 
for  detection  and  parameters  estimation  of  jump-like  cluuige  points  (in  Ocean/Sea  investigation  data  -  jump-like 
dianges  of  the  mean  of  temperature  or  pressure,  concentrations  of  chemicals  etc.  measurements)  immediate^. 

3.  MODELS  OF  JUMP-LKE  aiANGES  IN  OCEAN/SEA  MEASUREMENTS 

Due  to  Bugger’s  law  for  liquid  media,  the  back  scattered  laser  signal  intensity  ,under  jump-like  changes  of 
the  mean  and  transparency  coefficient  (for  example)  may  be  written  as 

y(t)  ^  -S  t) +ix  t) .  (D 


where  y(t)  -  additive  noise,  S(t)  -  known  function  of  time  t,  A  -  unknown  peak  intensity,  the  quantity  ait)  may  be 
changed  as  a  jump-like  process 


a(  t)=- 


a.  t  < 

a^b,  t  >  t^. 


ia)= 


0,  t  <  0. 


U.  t  2:  0. 


0,  t  <  L  , 

C,  i  >  t  ^ 


(2) 
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The  model  is  significant  for  description  of  the  intensity  of  back  scattered  signals  in  Ocean/Sea  experiments.  The 
moment  t*corresponds  meeting  of  laser  pulse  with  the  border  "air  -  medial”,  the  moment  tj^rresponds  meeting 
of  laser  pulse  with  the  border  "medial  -  media2",  the  quantity  a  -  the  initial  decrement  in  medial,  b  -  the  jump  of 
decrement  in  media2,  C  -  characterise  the  parameter  of  noise,  G  -  charaaerises  the  gain  of  the  signal  due  to  the 
border, ... 

In  the  model  like  (l)-(2)  the  quantities  A,  a,  b,  G,  t*,  ^  C  must  be  determined.  The  model  is  complicated 
enough  and  more  simple  models  available  for  Ooean/Sea  la^r  data,  when,  for  example  C=0,  etc.  Under  similar 
conditions,  when  the  logarithmic  amplifiers  are  in  use,  the  models  for  mean  with  jump  like  changes  are  possible. 
The  technology  of  transforming  the  signals  is  not  of  interest  here.  Our  goal  is  to  detect  jump-like  changes  and 
estimate  it  parameters. 

Consider  more  simple  models  for  jump  like  changes  of  the  parameters  under  investigation. 

Consider  a  stochastic  process  x(t)  (with  bounded  two  first  moments)  with  jump-like  change  points  at  t* 
where  process  parameters  are  changing  for  example  by  models 


ECx(  t))= 


a  .  t  <  t  . 

* 


[a  .  6.  t  >  t  . 


(3) 


-  we  call  it  T"  •  type  change-point,  or 


r  * 

a.  t  <  i  , 

1 

- 1 

ECx(i))- 

a  +  6,  i  €  [t*.  T] , 

_ 

a  1 

<1,  t  >  t*+  T.  a.  6  €  R*. 

t  t 

a+6 


- ► 

+T 


1. 


we  call  it  "IT"  -  type  change-point,  with  unknown  parameters  a,  b,  t* ,  t.  Note:  the  jumps  may  as  pt>sitive  and 
native  comparing  with  initial  level  a.  The  processes  with  the  parameters  corresponding  models  (3),  (4)  are  usual 
in  Ooean/Sea  measurements.  The  problem  is  to  determine  t* ,  t,  G^  b  when  the  observations 

of  the  stochastic  process  x(t)  at  t=/, ,  i=l,2,...,N  are  available. 

4.  DETECTION  AND  ESTIMATION  OF  PAKAMETERS  OF  JUMP-LKE  aiANGES 

Different  procedures  for  diange-points  detection  (cumulative  sums  (CUSUM)  -  like  procedures)  were  applied  to 
determine  the  t ,  t'  and  then  to  estimate  parameters  a,  b.  We  propose  another  one. 

4.1.  Mala  Maial  the  Appmachf  rep— ed. 

The  main  idea  of  the  approach  we  propose  lies  in  approximation  of  a  change  point  in  the  data  stored  by 
distribution  functions  (cumulative  distribution  functions  -c.d.f.)  of  random  variables  with  sev'eral  unknown 
parameters  and  estimation  of  the  parameters  of  the  approximation  using  the  data  obtained.  It  can  be  made  as 
follows. 
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Conrider  a  stodiastic  process  x(t)  (with  bounded  two  first  moments)  with  jump-like  chance  pmnts  at  t*,  t*'K. 
The  process  parameters,  siqiposed,  are  dian(ing  fay  modds  (3),  (4).  Let  F(z,e)  be  a  distribution  function 
(cumulative  distribution  fiii^ons  -criX)  of  a  random  variaUe,  with  parameters  O  (6  is  like  the  scale 
parameters,  position  parameters  are  assumed  to  be  zero).  Thai  easy  to  write  [1]: 


E(x(t))  S  a  +  6-F(t-t*,e). 


ECx(t))  ^  a  +  6«F(t-t*,0)  -  6*F(t-t*-T.e>. 


Using  the  approximations  (S),  (6)  the  problem  of  determining  a,  b,t,t  becomes  the  proUem  (rf*  estimation  a,b, 
t* ,  T,  whidi  may  be  successfully  solved  by  common  procedures  the  parameters  estimation.  Whoi  the  data  x« 
Xy...,!^^  obtained,  where  denotes  the  eaqiectation  of  z.  For  sohi^  the  task  we  must  find  the  nearest  t  dose 
to  t* .  Thus,  it  is  necessary  to  i^roximate  change-points  and  find  t* ,  t,  a,  b  as  a  solution  (for  example)  of  the 

tualni 


^jx.  -  a  -  6*F(tj^-t*,Q)j  m.  in, 

i  =  i 


(7) 


N  - 

^|x.  -  a  -  6*F(t.-t’*,0)  +  6*F(t^^-t*-T.Q)l  mi  n 

^  =  ^  ^  a,b.tT  T 


(8) 


Different  distribution  functions  of  random  variables  for  similar  approximationB  and  the  algorithm's  construction 
can  be  used. 

Denote  sets: 

•^1*  <i|  i»1.2 . N>. 

1=1,2.. ..  .N>. 
w,-  {i|  i*-0.  i»l,2 . N>. 

The  cumutetive  distribution  function  for  uniform  randmn  variable  at  interval  (-0, 6)  -  F(t,6),  t  >=  ix  A,  (A  -  is  the 
time  interval  between  measurements)  may  be  written  as 
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F(i.0)  = 


'0,  i*A  < 

'  ( i  ♦  A+0)  20^  i  •  A  €  ( -0,  0) , 

.1,  i*A  >  H-0. 

Denoting  i  *=  (t*  /A  J,  t  =  t* ,  i,=  ,  the  task  for  model  (8)  becomes 


V  <siN  t  ,=[N  iSn 


min 

a ,  b  ,  I 


m 


Then  the  system  for  the  task,  for  estimation  of  a,  b,  i  will  be 
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where 


i.-M 


Thus,  the  optimisation  task  for  multi  parameters  becomes  one  parameter  optimisation  task.  The  equivalent 
expressions  for  (10),  (1 1)  ate  usable 
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The  cases  of  special  interest  are: 
l)e<A,when  IIMaII=1, 
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2)  A<e<2A,  when  1 1  NJ I  -3. 


The  number  of  neoessaty  measuremoits  N  must  be  greater  then  N  >  OJ^Cie/A-t-UxCS/A-fS),  Le.  N>6. 

The  algorithm  is  dear  to  lealiw.  The  computational  complexity  depends  on  6.  The  greater  the  1 1  I  >3,  the  less 

the  accuracy  of  t  estimation  and  the  greater  the  computation  complexity. 

4J.DdcdlaaaaiEallBmllaaorihmuMlmofJaii9BeClaates  miug  Ga—dm  awiftllau  cJA 


For  Gaussian  c.d.f. 


F(i.G) 


where  F(z)=ERF(z): 
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^  z)  =  -  exp(  -i  )  dt , 
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odiaracterises  the  width  of  the  jump.  The  system  for  the  task,  for  estimation  of  a,b^i  will  be 
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Hk  foiviiic  of  ditt  systan  ii  jistldenlical  co  tbeoystem  (10)  >  (12).  It »  «d\il  to  keep  in  memoiy  (ei^er 

in  taUes  or  in  atiayi)  the  quantities  F((l^  )),  i=l^...,N»  i#s23>— .N-1,  stdving  the  system  (IQ  -  (17)  befoidmnd  - 
it  saves  time  for 
caladation. 


5.  SIMULATION  OF  DETECTION  AND  ESTIMATION 

The  algorithms  and  personal  computer  oriented  programs  for  the  change  -  points  detection  and  estimation  of 
the  expectation  of  a  stochastic  process  with  bounded  two  first  moments  for  models  (3),  (4)  are  constructed  and 
tested.  They  are 

based  on  the  approach  proposed  for  jumps  of  the  expectation  approximations  by  cumulath’e  distribution 
functions. 

The  algorithms  and  programs  showed  their  good  properties. 

The  approach  is  fuQy  applicable  for  multiple  diange  •  points  detection  (for  example  for  model  (4)).  to 
af^ly  similar  approximations  several  times  (double  for  model  (4))  using  of  the  model  (3).  It  leads  the  similar 
equations  that  are  easy  to  realize  in  computer.  The  algorithms  were  constructed  and  tested  under  different  ratios 
of  I  bl  /rms(n<^)  -  it  deflnes  SNR  (signal/noise  ratio). 

The  detection  and  parameters  of  jumps  estimation  were  robust  enough  even  /when  I  bl  /rms(noise)  >  0.7S 
in  computer  simulations.  The  algorithms  easy  to  apply  for  real  data  (experiments). 

Another  possibility  for  several  jump  like  changes  detection  is  in  using  the  search  algorithms  (those  like 
Fibbonacd's  "golden  section"  one).  After  the  moment  of  one  jump  detected,  easy  to  use  model  (3)  and  estimate 
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the  parameters  needed.  The  similar  algorithms  were  developed  and  tested  for  different  SNRs.  for  determining  of 
"rr  type  change  -  points  with  change  points  parameters  estimatioit  The  similar  algorithms  were  devek>ped  and 
tested. 

However  some  characteristics  of  random  processes  (the  expectation,  for  example)  dianges  not  so  quiddy, 
are  evolution  (smooth  enough)  -  because  there  are  some  trends  in  parameters  of  the  processes  and  it  is  necessary 
to  know  the  parameters  of  that  trends,  the  moments  of  the  trends  arising.  Ihe  method  is  useful  for  investigation 
(parameters  estima*  tion  and  classification)  of  so  called  evolution  (smooth)  Q^nds  of  processes,  evolution  change 
points  that  are  tisual  to  arise  in  practice.  This  is  productive  enough  because  the  estimation  methods  are  well 
developed  now. 

6.  SUMMARY 

The  method  proposed  needs  hence  no  special  data  models  for  jump-fike  changes  detection  and  estimation 
the  parameters  of  the  changes.  The  main  significance  this  approach  is  in  its  simplicity  and  usefulness  for 
various  tasks. 

The  programmes  developed  are  easy  to  use  for  processing  optical  data  with  jump-like  changes. 
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ABSTRACT 

The  consequences  of  light  scattering  from  both  spherical  and  non-spherical  particles  on  the  propagation  of  li^t 
in  the  ocean  was  investigated.  The  scattering  hrom  an  ensemble  of  non-spherical  micro-organisms  is  calculated 
using  the  coupled-dipole  approximation  with  an  orientaticmal  average  over  Euler  angles  using  Gauss-Legendre 
integration.  Mie  calculations  provide  rigorous  solutiorrs  for  spherical  particles  and  are  considerably  less 
computer  interrsive  than  the  coupled-dipole  approxiiruition.  Furthermore,  drey  have  been  shown  to  accurately 
predict  the  scattering  for  marine  orgatrisms  drat  are  nearly  spherical.  Scattering  matrix  elements  calculated 
using  the  coupled-dipole  approximation  were  compared  with  ^ose  obtained  using  Mie  calculations  in  the  limit 
as  an  ellipsoidal  object  approaches  a  sphere  in  order  to  assess  the  limits  of  applicability  of  the  Mie  theory  to 
ellipsoidal  particles.  Experimental  measurements  of  the  scattering  matrix  elements  for  spherical  particles 
(latex  spheres)  and  ellipsoidal  particles  (Bacillus  subtilis)  were  used  to  test  validity  of  our  analytical 
approach. 


1.  INTRODUCTION 

It  is  important  to  model  the  light  scattering  from  larger  irregularly-shaped  particles  in  order  to  understand  and 
adequately  predict  the  scattering  of  polarized  light  in  sea  water,  including  coastal  regions  and  the  sea/air 
boimdriry  layer.  In  coastal  water  containing  large  amounts  of  inorganic  debris,  relatively  large  and  non- 
spherical  particles  may  significantly  effect  the  polarization  state  of  scattered  light.  Using  scattering 
predictions  for  spheric^  particles,  which  can  vary  considerably  from  that  of  most  oceanic  scatterers,  could 
result  in  misinterpretation  of  scattering  and  visibility  data,  inaccurate  irradiance  computations,  and  errors  in 
characterization  of  marine  biomass.  Since  well-tested  computer  programs  are  in  place  for  modeling  spherical 
particles  (Mie  theory),  considerable  computationed  time  can  be  saved  in  situations  where  Mie  calculations  can 
be  used  instead  of  a  more  computational-intensive  method  such  as  the  coupled-dipole  approximation.  Thus,  it 
is  important  to  evaluate  conditions  for  which  Mie  calculatimis  produce  an  accurate  description  of  die  scattering 
of  polarized  light.  Similarly,  the  Mie  calculations  can  provide  a  means  for  establishing  the  limits  for  the 
coupled-dipole  approach. 


2.  APPROACH 

2.1  The  Stokes  Vector  Formalism.  The  polarization  states  of  the  incident  and  scattered  light  are  described  by 
four-element  Stokes  vectors  and  the  effect  of  a  scattering  medium  on  the  beam  is  represented  by  a  four  by  four 
Mueller  or  'scattering'  matrix.  This  formalism  is  described  in  texts  by  Bohren  and  Huffman,^  van  de  Hulsr  and 
Kerker.^  Precise  definitions  of  the  comp<7nents  of  the  Stokes  vector  in  terms  of  the  compmients  of  die  electric 
field  perpendicular  (Ex)  and  parallel  (F://)  to  the  scattering  plane  are  given  by  the  relationships  below.  The 
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brackets  indicate  a  time  average.  The  angles  in  the 
relative  to  the  scattering  plane. 

h  =  <E//sE//s*+ EisEis*> 

Qs  =  <E//sE//s*  -  EisEis*> 

Us  =  <E//sEj.s*  +  EisE//s*> 

Vs  =  i<E//sEis*  -  EisE//s*> 


physical  interpretation  of  the  element  are  measured 

(total  intensity  of  scattered  light) 

(±  90°  polarization) 

(±  45°  polarization) 

(circular  polarization) 


When  similar  expressions  are  written  for  the  Stokes  vector  describing  the  incident  beam,  the  Mueller  or 
'scattering'  matrix,  which  transforms  the  incident  light,  is  defined  by  the  matrix  equation; 
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The  elements  of  the  scattering  matrix  are  functions  of  die  scattering  angle  and  depend  on  the  size,  structure, 
symmetry,  orientation,  complex  refractive  index,  and  ordering  of  die  scatterers.  In  ^  general  case  of  scattering 
from  a  randomly  oriented  collection  of  particles,  there  are  only  ei^t  non>zero  matrix  elements.  For  a  particle 
with  spherical  symmetry,  822-^11,  S\2^S2i,  5^2^844, 834^-542,  and  all  others  are  zero.  An  orientation 
average  for  a  collection  of  particles  has  the  same  symmetry  if  die  particle  has  a  mirror  plane  of  symmetry. 
Symmetry  is  a  function  of  composition  as  well  as  shape.  Thus,  it  is  possible  to  have  an  optically  active  or 
linearly  birefringent  sphere  that  does  not  have  spherical  symmetry  wiA  respect  to  die  incident  lig^t  As  the 
particle  deviates  from  spherical  symmetry,  the  complexity  of  the  scattering  matrix  and  its  angular  dependence 
increase.  Different  elements  of  the  Mueller  scattering  matrix  are  useful  in  describing  various  attributes  of  die 
scatterers,  including  symmetry,  structure,  chirality,  optical  properties,  and  orientation.  In  this  paper,  we  will 
focus  on  the  normalized  matrix  elements  S|i,  S12  and  S34  in  the  interest  of  simplicity  and  availability  of 
experimental  data.  All  elements  not  written  in  italics  will  be  normalized  in  the  following  way:  Sn  is 
normalized  to  1.0  at  a  scattering  angle  of  0°.  The  elements  S12  and  S34  are  normalized  by  the  toted  iintenuty, 
■Si  1,  and  have  values  that  range  between  1  and  >1.  The  experimental  measurements  of  S12  and  S34  are 
normalized  by  the  total  intensity  in  the  instrumental  set-up.  A  useful  physical  interpretation  of  eadi  of  these 
three  elements  of  interest  is  as  follows; 

511  -  measure  of  the  total  scattered  intensity  for  unpolarized  incident  light; 

gives  general  size  information; 

512  -  measure  of  linear  polarization  parallel  and  perpendicular  to  the  scattered  plane; 

S34  -  strongly  dependent  on  siz*;  and  complex  refractive  index  of  the  particle; 

is  a  measure  of  changing  circularly-polarized  light  to  linearly-polarized 
light  that  is  ±  45°  to  die  scattering  plane. 

The  size  of  the  particle  is  best  described  by  the  size  parameter,  x  =  Inr/X,  where  r  is  the  radius  of  a  spherical 
particle  and  X  is  the  wavelength  of  the  incident  radiation  in  the  medium.  For  non-spherical  particles,  r  is 
taken  to  be  the  radius  of  a  sphere  of  the  same  volume  as  the  non-spherical  particle.  In  the  interest  of 
simplicity,  only  two  structures  are  considered  here,  spheres  and  ellmsoids.  The  effects  of  preferred  orientation 
of  the  particles  have  been  discussed  by  the  authors  previously.*'^  Only  randomly  oriented  collections  of 
particles  of  a  single  size  are  discussed  in  diis  paper. 
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2.2  Coupled-Dipole  Approximation.  The  scattering  horn  non-spherical  micro-organisms  is  calculated  using  the 
coupled-dipole  approximation.  The  coupled-dipole  approximation  was  first  proposed  by  Purcell  and 
Pennypacker^  in  1973  and  later  applied  by  Singham  et.  in  1986  and  Drained  in  1988.  The  theory  can  be 
used  to  calculate  all  16  Mueller  matrix  elements  for  particles  of  any  shape.  In  this  model,  an  arbitrarily- 
shaped  object  is  divided  into  a  number  of  identical  elements  arranged  on  a  cubic  lattice.  For  isotropic  materials, 
each  element  is  treated  as  a  spherical,  dipol2ir  oscillator  with  a  scalar  polarizability.  For  these  cases,  the 
Claussius-Mosotti  relation  as  described  in  Bohren  and  Huffman^  is  used  for  calculating  polarizability. 
Interactions  between  dipoles  are  included  by  determining  the  field  at  a  particular  dipole  due  to  the  incident 
field  and  the  fields  induced  by  the  other  dipole  oscillators.  The  scatter^  field  is  then  the  sum  of  the  fields 
due  to  each  oscillator.  The  problem  of  determining  the  electric  field  at  each  dipole  is  the  primary  (and  most 
difficult)  task  of  the  coupled-dipole  method.  A  set  of  linear  equations  can  be  written  in  matrix  form  as  AE  =  B, 
where  E  is  a  column  matrix  wi A  3N  elements  representing  the  (unknown)  electric  field  components  at  dipole  i, 
and  B  is  a  column  matrix  of  3N  elements  representing  the  incident  radiation,  Eoe^'^i,  at  each  dipole  location. 
A  is  a  3Nx3N  matrix  with  complex  elements  representing  the  interactions  between  the  individual  dipoles.  Its 
elements  are  functions  of  the  dipole  locations  and  the  complex  polarizability  at  each  dipole  location.  A 
solution  to  this  equation  is  written;  E  =  A'^B.  Once  the  components  of  the  scattered  electric  field  are 
determined,  the  calculation  of  the  elements  of  the  Mueller  matrix  is  straightforward. 

A  model  for  light  scattering  must  include  an  effective  method  of  representing  a  collection  of  organisms.  A 
reasonable  approach  is  to  perform  a  numerical  or  analytical  average  over  a  set  of  orientations.  Our  approach  is 
to  fix  the  particle  at  one  orientation  and  rotate  the  coordinate  system  as  described  by  Singham  et  al.^  The 
computer-intensive  calculation  of  the  inverse  of  the  interaction  matrix.  A,  need  be  done  only  once  in  this  model. 
The  computer  programs  that  we  developed  include  a  routine  that  rotates  the  coordinate  system  through  the 
Euler  angles,  6,  and  y.  Angle  ^  is  a  coimterclockwise  rotation  about  the  z-axis,  G  is  a  coimterclockwise 
rotation  about  the  new  x-axis,  and  y  is  a  counterclockwise  rotation  about  the  new  z-axis. 

We  have  achieved  some  success  in  modeling  ensembles  of  irregularly  shaped  particles  such  as  cylinders  and 
helices  (octopus  sperm  heads)^^'^^  using  the  coupled-dipole  model  with  orientational  averaging.  However, 
due  to  practical  limitations  in  memory  of  the  CRAY  computer,  the  maximum  munber  of  dipoles  that  can  be  used 
to  model  an  organism  at  this  time  is  on  the  order  of  1200. 

2.3  Experimental  Measurements.  The  experimental  determination  of  all  sixteen  Mueller  matrix  elements  for  a 
given  scattering  mediiun  requires  measurements  of  intensity  of  scattered  light  vs.  scattering  angle  for  various 
polarization  states  of  incident  and  scattered  light.  Measurements  were  made  on  the  polarization-modulated 
nephelometer  developed  by  one  of  the  authors.^^  Important  components  of  the  instrument  include  a  photo¬ 
elastic  modulator  vibrating  at  50  kHz  and  a  matching  two-phase  lock-in  amplifier.  Scattering  measurements 
were  made  at  two  wavelengths,  488  run,  and  633  nm  for  a  suspension  of  B.  subtilus  spores  in  distilled  water.  The 
experimental  measurements  were  transported  into  a  software  program  for  generating  the  graphs  shown  in  fi\e 
figures.  The  experimental  data  taken  with  the  nephelometer  for  the  latex  spheres  shown  in  Figure  2  has  been 
published  previously  by  Quinby-Hunt  et.  al.^^ 


3.  RESULTS 

3.1  Comparison  of  Coupled-dipole  with  Mie  theory.  In  order  to  assess  limits  in  the  size  of  a  micro-organism 
that  might  be  successfully  modeled  with  the  coupled-dipole  approximation  method,  the  coupled-dipole 
calculations  were  compared  to  the  Mie  calculations  for  spheres.  Figure  1  shows  the  normalized  matrix  elements 
S]  I,  Si2  and  S34  for  light  scattering  from  spheres  calculated  from  both  methods.  The  solid  line  shows  the 
elements  calculated  using  the  coupled-dipole  approximation  and  dashed  line  shows  the  Mie  calculation.  In 
figure  1(a)  the  size  parameter  is  4.46  and  in  Figure  1  (b)  it  is  8.92  if  we  consider  a  suspension  of  spheres  in  water. 
For  incident  light  at  a  wavelength  of  442  nm,  size  parameters  of  4.46  and  8.92  correspond  to  spheres  of  radius 
.234  and  .472  pm,  respectively.  Slight  disagreement  at  larger  scattering  angles  (greater  than  130°)  is  apparent 


SPIE  Vol.  2258  Ocean  Optics  XII  (1994)  1615 


at  the  smellier  size  parameter  but  the  overall  agreement  is  exceUent.  The  agreement  in  structure  (location  of 
peaks)  at  the  larger  size  parameter  is  reasonably  good  for  scattering  angles  up  to  120°. 

3.2  Experimental  Results  and  Coupled-dipole  Predictions  for  Spheres.  In  the  second  set  of  graphs,  shown  in 
Figure  2,  experimental  measurements  of  the  Mueller  matrix  elements,  Sj  i,  S12  and  S34  are  compared  to  those 
calculated  from  the  coupled-dipole  approximation  for  latex  spheres  with  a  size  parameter  of  4.46  (sphere 
radius  of  .234  pm  and  incident  light  at  442  run).  The  experimental  data  for  S|  1  has  been  multiplied  by  the  sine 
of  the  scattering  angle  to  accoimt  for  the  the  scattering  volume  seen  by  the  detector.  The  overall  agreement  in 
the  graphs  is  quite  good.  Although  the  magnitudes  of  the  peaks  differ  slightly,  the  prominent  features  in  the 
three  graphs  occur  at  corresponding  angles.  Excellent  agreement  between  the  experiment  and  Mie  theory  for 
these  latex  spheres  and  spherical  marine  micro-organisms  has  been  obtained  by  Quinby-Himt  et.  al.  using 
a  Gaussian  distribution  of  homogeneous  spheres  centered  at  a  diameter  of  472  nm  to  represent  the  latex  spheres. 
Although  it  would  be  helpful  to  be  able  to  include  a  distribution  of  particle  sizes  in  the  coupled-dipole  model, 
it  is  beyond  the  scope  of  the  calculations  at  this  time.  It  is  important  to  note,  however,  that  it  is  possible  to 
achieve  an  acceptable  model  for  spheres  using  a  single  size. 

3.3  Experimental  Results  and  Coupled-dipole  Predictions  for  Ellipsoids.  In  Figures  3(a)  and  (b)  and  4(a)  and 
(b),  experimental  measurements  of  the  Mueller  matrix  elements,  Sj  1,  S12  and  S34  for  a  suspension  of  B.  subtilus 
spores  in  distilled  water  are  compared  to  those  calculated  from  the  coupled-dipole  approximation  for 
ellipsoids  with  a  comparable  size  parameter.  Comparisons  were  made  at  two  wavelengths,  4^  nm  and  633  run. 
Experimental  data  and  coupled-dipole  calculations  show  agreement  in  general  features  but  display  shifts  in 
peak  positions.  The  size  parameters  at  both  wavelengths  (x=5.66  and  x=4.36)  are  within  the  range  where  the 
predictions  should  be  valid.  The  failure  to  achieve  better  agreement  between  the  calculated  values  and  the 
experimental  values  is  probably  due  not  to  the  large  size  of  the  spores,  but  to  their  complex  structure.  A  photo¬ 
micrograph  of  the  spores  shows  that  they  are  ellipsoidal  in  overall  shape  with  a  long  axis  about  twice  that  of 
the  short  axis  with  an  average  length  on  the  order  of  1.4  pm.  We  used  homogeneous  ellipsoids  of  these 
dimensions  and  an  index  of  refraction  of  1.48  in  the  coupled-dipole  model.  The  choice  of  an  index  of  refraction  of 
1.48  was  somewhat  arbitrary.  It  is  within  the  ramge  of  values  found  in  the  literature  for  organic  material  and 
produced  better  results  than  numbers  slightly  larger  or  smaller.  The  spores  as  shown  in  the  micrographs, 
however,  appear  to  have  a  core  with  a  much  different  index  of  refraction  than  the  outer  region.  The  core  is 
roughly  spherical  and  occupies  about  three  fourths  of  the  total  volume.  It  seems  that  a  more  complex  model 
with  an  appropriate  index  of  refraction  could  be  chosen  to  improve  the  agreement.  The  Mie  theory  for  a  coated 
sphere  mi^t  also  have  potential  for  success  in  modeling  the  spores. 

3.3  Dependence  of  Matrix  Elements  for  Ellipsoids  on  Index  of  Refraction  and  Shape.  In  order  to  illustrate  the 
influence  of  relative  index  of  refraction  on  the  scattering  matrix  elements,  the  left  column.  Figure  5(a),  shows 
graphical  results  for  cm  ellipsoid  similar  to  the  one  used  in  Figures  3  and  4.  Clearly,  varying  the  relative  index 
of  refraction  from  1.11  to  1.19  has  a  dramatic  effect  on  the  scattering.  It  is  critical  to  have  good  values  for  the 
index  of  refraction  of  any  particles  being  modeling.  Finally,  in  the  right-hand  column.  Figure  5(b),  graphs 
generated  for  spherical  particles  using  Mie  theory  are  compared  to  coupled-dipole  calculations  of  scattering 
from  increasingly  non-spherical  particles.  For  ellipsoids,  we  define  the  aspect  ratio,  AR,  to  be  the  ratio  of  the 
major  to  the  minor  axis.  The  same  figure  shows  ^e  matrix  elements  for  a  sphere  and  ellipsoids  with  aspect 
ratios  of  1.2,  1.4,  and  1.6.  Note  that  as  AR  increases,  the  scattering  lobe  becomes  more  intense  the 
characteristics  of  the  scattering  become  similar  to  that  of  a  long  cylinder.  The  most  interesting  result  is  in  the 
element  S12.  As  the  ellipsoid  is  elongated,  the  scattering  features  become  broader,  reducing  characteristic 
spherical  diffraction.  S34  tends  to  broaden  and  exhibit  less  structure.  In  all  three  plots,  the  difference  in  the 
curves  between  successive  increases  in  AR  becomes  smaller,  indicating  that  we  might  be  approaching  limiting 
value.  Calculations  for  aspect  ratios  of  1.8  and  2.0  confirm  this  trend,  but  to  reduce  the  clutter,  they  were  not 
shown  in  the  figures . 
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4.  CONCLUSIONS 


The  good  agreement  of  the  coupled-dipole  calculations  with  both  the  Mie  theory  and  the  experimental  data 
for  light  scattering  from  spheres  at  size  parameters  around  five  and  possibly  larger  is  promising.  A  size 
parameter  of  6.0  tr2inslates  into  a  particle  size  in  the  ocean  of  about  1.0  pm  at  visible  light  wavelengths.  Many 
marine  organisms  and  particulates  of  interest  have  sizes  between  1  and  2  pm,  including  the  B.  subtilus,  putting 
them  within,  or  close,  to  the  current  modeling  limits  of  the  coupled-dipole  method.  Differences  between 
coupled-dipole  and  Mie  calculations  at  large  scattering  angles  indicates  that  the  coupled-dipole  model  should 
be  used  with  caution  for  scattering  of  visible  light  from  irregularly-shaped  particles  mu^  larger  them  one 
micron.  The  model  could  be  employed,  however,  to  predict  trends  or  prominent  feahures  in  the  scattering. 

The  results  of  the  comparison  between  spheres  and  ellipsoids  of  various  aspect  ratios  provide  an  understanding 
of  the  degree  to  whidi  non-spherical  particles  in  the  scattering  medium  effect  the  polarization  state  of  the 
scattered  light.  In  addition  to  this  vmderstemding,  the  results  can  also  serve  cis  a  guide  for  determining  when 
Mie  calculations  are  adequate  to  describe  scattering  from  a  collection  of  particles  and  when  we  must  use  a  model 
that  includes  scattering  from  non-spherical  particles. 
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CX>MPAR1S0N  OF  CX)UM£D  DIPOLE  WITH  COMPARISON  OF  COUPLED  DIPOLE  WITH 

MIE  CALCULATIONS  FOR  x=4.46  MIE  CALCULATIONS  FOR  x  =8.92 


(a)  (b) 

Figure  1.  Comparison  of  the  Mie  calculations  and  the  coupled-dipole  approximation  for  spheres.  The 
solid  line  represents  coupled-dipole  theory  and  dashed  line  rqnesents  Mie  theory.  Spheres  with  a  size 
parameter  of  4.46  are  shown  in  column  (a)  and  spheres  with  a  size  parameter  of  8.92  are  shown  in 
colurtmfb).  In  the  coupled-dipole  approximation,  the  sphere  is  modeled  with  92S  dipoles.  In  both 
calculations,  the  wavelength  of  incident  light  is  442  nm  in  air,  the  index  of  refraction  of  the  medium 
(water)  is  1.33 ,  and  the  index  of  refraction  of  die  sphere  is  1.5%. 
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EXI^IMENTAL  MEASUREMENTS  FOR 
LATEX  SPHERES  AT  442  nm 


COUPLED  DIPOLE  CALCULATIONS  FOR 
A  SPHERE  AT  442  nm  (xa4.46) 


Figure  2.  (a)  ExperiLv-ntal  measurements  of  the  Muellm-  matrix  elements  for  latex  spheres,  (b)  Coupled- 
dipole  calculations  of  the  conesponding  matrix  elements  for  spheres  of  equivalent  size  parametm'.  In  the 
coupled-dipole  calculation,  the  sphere  is  modeled  with  92S  dipoles.  In  both  figure,  the  wavelength  of  the 
incident  li^t  is  442  nm  in  air.  The  index  of  refraction  of  the  medium  (watm-)  is  1.33  and  the  index  of 
refraction  of  the  sphere  is  1.5%. 
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SCATTERING  ANGLE  (DEGREES) 


30  60  90  120  150  1 

SCATTERING  ANGLE  (DEGREES) 


nguie  4.  (a)  Experimental  measurements  of  the  Muello-  matrix  elements  for  the  B.  subtUliu  spores. 

(b)  CouploJ-dipole  calculations  of  the  corresponding  matrix  elements  for  an  ellipsoid.  In  the  coupled-dipole 
calculations,  die  ellipsoid  is  modeled  by  1032  dipoles  and  has  a  ratio  of  major  to  nunor  axis  of  2.0.  In  both 
figures,  the  wavelength  of  incident  light  is  633  nm  in  air,  the  index  of  refraction  of  the  medium  (water)  is 
1 .33  and  the  index  of  refraction  of  the  ellipsoid  is  1 .48. 
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COUPLED  DIPOLE  CALCULATIONS 
FOR  ELLIPSOIDS 


COUPLED-DIPOLE  CALCULATI(»«1S 
FOREUJPSOIDS 


Figure  S.  (a)  Coupled-dipole  calculations  of  the  Mueller  matrix  elements  for  ellipsoids  of  two  diflerent  values 
of  the  relative  index  of  refraction.  The  solid  line  represents  an  ellipsoid  with  a  relative  index  of  refraction  of 
1.19  and  the  dashed  line  a  relative  index  of  refraction  of  1 . 1 1 .  Hie  size  parameters  are  kqM  constant  at  4.36  for 
both  values  of  the  relative  index  of  refraction,  (b)  Mueller  matrix  elements  for  ellipsoids  of  varying  ratios  of 
major  to  minor  axis.  The  solid  line  represents  a  sphere.  Ratios  of  1 .2, 1 .4  and  1 .6  are  labeled  on  each  graph. 
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ABSTRACT 

The  specific  goal  of  this  woiic  is  to  develop  a  model  and  algorithms  of  using  the  optical  remote  sensing  or/and  the  Secchi 
disk  depth  data  for  an  assessment  of  sea  water  optical  characteristics  up  to  200  m  taking  into  account  the  vertical 

stratification.  Measurement  data  of  the  scattering  coefficient  b(S50)  and  of  the  volume  scattering  function  at  6’’.  45*' 
angles  at  550  nm  as  well  of  the  absorption  coefficient  a(390),  a(430)  at  390  and  430  nm  in  the  Atlantic.  Pacific  and  Indian 
were  grouped  at  five  layers  0-10,  10-25.  25-50.  50-100.  100-200  m  and  were  statistically  analyzed.  Relative  standard  errors 
of  the  a(390),  a(430),  6(550)  values  being  calculated  for  deeper  layers  by  their  values  at  0-10  m  layer  are  estimated  as  12- 
35%.  A  model  is  also  developed  to  estimate  the  values  of  the  scattering  coefficient  in  the  upper  200  m  through  the  Secchi 
disk  depth;  the  values  of  the  volume  scattering  function  for  different  layers  can  be  assessed  by  using  the  mean  scattering 
phase  ffinctions  calculated  for  clear  and  turbid  waters.  The  spectral  absorption  coefficients  in  the  upper  200  m  can  be 

evaluated  in  principle  by  values  of  the  diffuse  coefficient  Kjji^90)  at  0-10  m  layer. 

1  INTRODUCTION 

Most  of  the  available  data  on  the  optical  characteristics  of  sea  water  falls  in  the  subsurface  layers.  In  particular,  the  World 
Ocean  maps  of  the  sea  water  optical  characteristics  constructed  on  the  sea  truth  data  are  available  only  for  the  values  of  the 

Secchi  depth  ^  and  of  the  diffuse  attenuation  coefficient  Kp(46S)  at  the  surface  layer^.  Remote  sensing  observations, 
particularly  from  satellites,  which  especially  perspective  to  obtain  a  global  information  about  the  ocean  optical 
characteristics,  are  also  limited  by  the  subsurface  layer.  According  to  Gordon.  McClune>'  its  thickness  V  (penetration 

depth)  is  estimated  to  be  l/Kp  .so  that  doesn't  exceed  20-30  m  even  for  the  clearest  ocean  uaters.  Obviously  an  assessment 
of  the  optical  characteristics  of  the  deeper  layers  by  their  subsurface  values  is  very  important.  And  not  only  of  the  optical 
characteristics  but  the  biological  ones.  The  latter  is  especially  important  for  global  assessment  of  the  ocean  primary 
production  by  using  of  the  satellite  data:  it  is  necessary  to  relate  the  spectral  upwelling  radiances  measured  by  satellite  sensor 
with  the  primary  production  over  the  all  euphotic  layer.  As  noted  above,  the  former  is  determined  by  the  layer  which 

thickness  is  l/Kp,  whereas  the  latter  has  a  thickness  corresponding  to  the  depth  where  the  downwelling  irradiance  decreases 
to  1%  value  of  the  incident  or  even  to  0. 1%:  hence  this  thickness  is  more  than  by  a  factor  of  4.6  or  even  6.9. 

In  recent  years  some  works  devoted  to  the  relation  between  the  pigment  concentrations  at  the  subsurface  and  the  all 
euphotic  layer  as  well  between  the  primary  production  and  other  characteristics  of  marine  ecosystems  were  made  In  this 
work  we  consider  the  relation  between  only  the  optical  characteristics.  Previously  Kopelevich^*^  examined  the  relation 
between  the  scattering  and  absorption  coefficients  at  the  0-50  m  layer  and  at  the  layers  50-100.  100-200.  200-1000  m  and 
proposed  a  simple  model  for  the  calculation  of  these  coefficients  at  the  50-100  and  100-200  m  layers  through  their  values  at 
the  0-50  m  layer.  Here  we  examine  the  upper  0-200  m  ocean  in  more  detail  and  consider  the  models  for  the  calculation  of  its 
optical  characteristics  by  using  various  data  available  at  the  subsurface  layer. 

2  DATA 

The  statistical  analysis  was  performed  for  the  measurement  data  of  the  sea  water  scattering  coefficient  b  and  the  values  of 
the  volume  scattering  function  ^(1°),  j3(6°),  j3(45°  )  at  550  nm  as  well  as  of  the  sea  water  absorption  coefficients  o(390), 
a(430).  The  contemporaneous  data  at  other  depths  used  to  analyze  the  scattering  characteristics  were  obtained  from  38  ocean 
stations,  and  for  the  absorption  coefficients  analysis  from  27  stations.  The  most  part  of  the  scattering  data  was  obtained  by 
laboratoiy  measurements  of  the  sea  water  samples  by  means  of  the  speclrohydronq>helometer  "SGN"  ^  at  the  angle  range 

2. 5°  - 145°  and  by  the  small  angle  scattering  meter  "Strela"  at  the  angle  range  20'-7° ;  the  part  of  the  scattering  data  was 
obtained  by  means  of  the  submersible  nephelometer  "Neptun"  at  the  angle  range  15°  -165°  and  the  laboratoiy  spectral 
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small  angle  scattering  meter  "Oreor^^  at  the  angle  range  IS‘-7°  .  All  data  on  the  absorption  coefficients  were  obtained  by 
means  of  the  laboratory  spectral  absorption  meter  "Volna**  A  list  of  the  expeditions,  their  dates,  number  of  stations, 
apparatus  used,  the  geographical  regions  covered,  is  given  in  Table  1. 

The  values  of  each  of  the  characteristics  for  a  given  station  were  averaged  over  the  layers  0-10.  10-25.  25-50.  50-100. 
100-200  m.  Total  data  sets  both  on  6fe  scattering  and  on  the  absorption  characteristics  were  divided  into  two  subsets,  the 
values  of  b  and  a(390)  at  0-10  m  layer  were  used  as  the  criterion  (see  Table  2).  For  each  of  sets  the  mean  values  (y,  ). 
standard  deviations  (S|).  covariance  (M,p  and  correlation  (R,j)  matrices,  their  characteristic  values  and  the  eigenvectors,  the 

regressions  y^  =  Bj  >’(+  A^  were  calculate  (i  =  1.2 . 5  is  the  layer  number).  The  mean  values  and  standard  deviations  for  the 

different  layers  for  each  of  the  sets  are  given  in  Table  2.  The  presented  data  display  some  features  noted  previously  ^  One 
of  them  is  a  distinction  of  the  vertical  structures  of  the  scattering  and  absorption  in  the  clear  and  turbid  waters.  For  Set  1  the 
scattering  values  show  a  weak  maximum  at  the  25-50  m  (e.xceptj^45)  with  maximum  at  50-100  m).  for  Set  2  the  ones  are 
maximum  at  0-10  m.  The  absorption  values  are  ma.ximum  at  50-200  m  for  Set  1  and  at  0-10  m  for  Set  2. 


Table  1.  Data  base 


Expedition 

Dates 

1 

Stations 

Region 

Equipment 

The  scattering  data 

DM-5* 

Jan.-May  1971 

4 

Tropical  Pacific 

SON,  Strela 

DM- 10* 

June-Oct  1973 

14 

Tropical  Indian 

SGN,  Strela 

DM- 14* 

Feb.-May  1975 

17 

Southeast  Pacific 

SON,  Strela 

DM-39* 

May-July  1987 

2 

Philippine  Sea 

Neptun,  Oreol 

AK-49** 

iune-Sep.  1988 

1 

Northeast  Atlantic 

Neptun,  Oreol 

The  absorption  data 

DM- 10* 

June-Oct.  1973 

10 

Tropical  Indian 

Volna 

DM-14*u 

June-Oct.  1973 

14 

Tropical  Indian 

Volna 

♦  -  R/\  "Dmitry  Mendeleev"  (a  figure  is  the  cruise  number). 

•*  -  WW "  Akademik  Kurchatov".  Cruise  49. 


For  our  purposes  it  is  important  that  differences  between  the  values  of  the  characteristics,  at  least  as  concerns  h.  JUl). 

^6)  and  a(390)  are  projected  into  the  deeper  layers  even  if  in  smoothed  form.  The  observed  differences  are  not  great,  and  it  is 
hardly  probable  to  expect  a  good  accuracy  of  the  estimation  of  the  deep  values  by  their  subsurface  ones  but  rough  estimates 
are  possible.  Various  versions  of  the  calculation  are  discussed  below. 

3  REGRESSION  BETWEEN  THE  VALUES  AT  0  -  10  M  AND  AT  THE  DEEPER  LAYERS 

There  is  an  usual  situation  in  practice  when  the  data  at  0-10  m  layer  alone  are  available,  for  example  the  data  of 
laboratory  measurements  of  the  sea  water  samples  taken  out  from  the  surface  layer  during  the  ship  route  The  linear 
regressions  were  calculated 

y,  =  B,y,+\,  i  =  2,3,4,5  (1) 

where  y,  is  the  value  of  the  characteristic  at  the  i-layer.  y,  at  0-10  m  layer;  Bj,  Aj  are  the  regression  coefficients. 
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Table  2.  Statistical  characteristics  of  the  scattering  and  absorption  coefficients 


Set  1  Set  2  Total 


layer 

m 

range 

mean 

value 

standard 

deviation 

range 

mean 

value 

standard 

deviation 

mean 

value 

standard 

deviation 

0-10 

0.060-0.154 

0.112 

b,  m“* 
0.023 

0.170-1.21 

0.415 

0.362 

0.192 

0.225 

10-25 

0.069-0.160 

0.111 

0.024 

0.172-0.% 

0.377 

0.295 

0.181 

0  190 

25-50 

0.066-0.220 

0.117 

0.031 

0.169-0.74 

0.290 

0.184 

0.163 

0.122 

50-100 

0.065-0.172 

0.111 

0.027 

0.054-0.28 

0.162 

0.058 

0.124 

0.044 

100-200 

0.042-0.134 

0.082 

0.023 

0.054-0.145 

0.108 

0.034 

0.089 

0.028 

0-10 

4.5-17.9 

10.1 

m-'  sr' 
3.24 

16.0-95.5 

37.6 

30.7 

17.3 

19.6 

10-25 

5-2-17.8 

9.9 

3.44 

17.2-88.2 

.34.7 

26.6 

164 

17.4 

50-100 

5.1-19.8 

10.3 

4.04 

16.6-78.1 

27.2 

19.5 

14.7 

12.7 

50-100 

4.5-21.5 

10.0 

3.73 

3.5-30.8 

15.2 

7.0 

114 

5.2 

100-200 

3.1-17.5 

7.8 

3.12 

3.5-16.8 

10.3 

4.0 

8.5 

3.5 

0-10 

0.18-0.58 

0.344 

^6" ),  m-'  sr' 
0.098 

0.48-5.7 

1.59 

1.65 

0.672 

0  988 

10-25 

0.16-0.59 

0.344 

0.097 

0.49-4.6 

1.43 

1.33 

0.630 

0.820 

25-50 

0.20-0.78 

0.362 

0.125 

0.52-2.5 

1.04 

0.70 

0.542 

0.471 

50-100 

0.20-0.57 

0.339 

0.099 

0.16-0.95 

0.55 

0.22 

0.395 

0.166 

100-200 

0.11-0.52 

0.221 

0.089 

0  13-0.54 

0.34 

0.15 

0.251 

0.120 

0-10 

1. 6-6.0 

10 

2.6 

1.02 

sr' 

2.0-19.6 

6.4 

5.66 

3.6 

3.37 

10-25 

1. 1-3.9 

2.4 

0.67 

2.1-18.7 

5.5 

5  16 

3.2 

2.94 

25-50 

1.2-5.2 

2.6 

0.91 

2.2-17.4 

4.7 

4.57 

3.2 

2.55 

50-100 

1.5-6. 1 

2.7 

1.02 

1. 9-8.2 

3.3 

2.14 

2.8 

1.39 

100-200 

1. 2-7.0 

2.2 

1.12 

1. 0-8.0 

2.4 

2.02 

2.2 

1.39 

0-10 

0.028-0.070 

0.049 

a(390),  m"' 
0.013 

0.071-0.175 

0097 

0.035 

0.063 

0.031 

10-25 

0.028-0.082 

0.049 

0.013 

0.043-0.143 

0.089 

0.033 

0  061 

0.028 

25-50 

0.028-0.085 

0.051 

0.015 

0.034-0. 149 

0.089 

0.038 

0.062 

0.029 

50-100 

0.(W0-0.107 

0.062 

0.018 

0.042-0.135 

0.084 

0.033 

0.068 

0.025 

100-200 

0.033-0.115 

0.066 

0.024 

0.043-0.165 

0.082 

0.038 

0.071 

0.029 

0-10 

0.020-0.064 

0.040 

a(430),  m-' 
0.012 

0.045-0.083 

0.055 

0.014 

0.044 

0.014 

10-25 

0.027-0.062 

0.041 

0.011 

0.041-0.082 

0.052 

0.017 

0.044 

0.014 

25-50 

0.020-0.064 

0.042 

0  011 

0.022-0.071 

0.050 

0.018 

0.045 

0.014 

50-100 

0.033-0.071 

0.047 

0.010 

0.029-0.073 

0.047 

0.018 

0.047 

0.013 

100-200 

0.023-0.073 

0.045 

0.014 

0.025-0.087 

0.046 

0.019 

0.045 

0015 
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These  coefficients  with  the  squares  of  correlation  coefficents  and  the  regression  errors  calculated  for  the  total  sets  are 
given  in  Table  3. 


Table  3.  Regression  coefficients  Bj  Aj-  correlation  coefficient  squares  r^j;  regression  errors  S/g 


layer 

Bi 

Aj 

s/g 

Bi 

A  i 

s/g 

h.  m' 

■1 

m- 

•*  sr 

2 

0.836 

0.020 

0.986 

0.022 

0.879 

1  22 

0.986 

2.05 

3 

0.480 

0.071 

0.779 

0.058 

0.593 

4.^6 

0.845 

5.00 

4 

0.109 

0.103 

0.318 

0.036 

0.166 

8.48 

0.390 

4.08 

5 

0.068 

0.076 

0.294 

0.023 

0.086 

6.98 

0.233 

3.06 

J6(6°).  m‘* 

sr 

o 

o 

m** 

sr  ** 

2 

0.824 

0.077  0.986 

0.095 

0834 

0.25 

0.917 

085 

3 

0.422 

0.258  0.783 

0219 

0.674 

0.75 

0  790 

1.18 

4 

0.086 

0.337  0.254 

0.145 

0.194 

2.14 

0.221 

1.24 

5 

0.063 

0.209  0.272 

0  101 

0.072 

1.98 

0.030 

1.36 

a(390),  m** 

a(430).  m-' 

2 

0.813 

0.010 

0.832 

0.011 

0.861 

0.006 

0.762 

0.007 

3 

0.637 

0.022 

0.447 

0.022 

0.557 

0.020 

0.326 

0.011 

4 

0.582 

0.032 

0.503 

0.018 

0.416 

0.028 

0.213 

0.011 

5 

0.610 

0.032 

0.431 

0.022 

0.377 

0.029 

0.115 

0.015 

The  square  of  correlation  coefficient  is  equal  to  a  part  of  the  total  dispersion  accounted  by  the  regression;  the  regression 

error  is  equal  to  Sy-^\-r^  where  is  a  standard  deviation  of  v,  given  in  Table  2.  As  seen,  the  regressions  allow  to 
ai^reciably  decrease  uncertainties  of  the  estimation  for  all  the  scattering  characteristics  at  the  10-25  and  2S-S0  layers,  and 
for  the  abwrption  coefficients  at  10-25  m  layer.  They  give  practically  no  result  forji3(45)  and  a(430)  at  100-200  m:  in  other 
cases  the  uncertainties  are  decreased  by  10-30%. 

The  question  can  arise  as  to  how  the  regressions  derived  from  the  total  sets  allow  to  a|q>roximate.even  if  with  moderate 
accuracy,  the  vertical  structures  different  for  clear  and  turbid  waters  (subsets  1  and  2).  To  understand  that,  look  at  the 
coefficients  Bj  and  Aj  in  Table  3  and  compare  their  depth  changes  with  the  mean  values  changes  in  Table  2.  As  seen.  Bj 
change  similar  to  of  the  mean  values  for  the  sets  2.  whereas  Aj  to  the  ones  for  the  sets  1 .  Thus  if  the  values  >';  are  small  and 
an  influence  of  Aj  is  key.  the  depth  change  of  the  values  y,  will  be  similar  to  of  the  sets  1;  if  the  values  >*;  are  not  small  and 
an  influence  of  Bj  is  essential,  the  depth  change  of  y,  will  be  similar  to  of  the  sets  2.  Figure  1  shows  a  comparison  of  the 
calculated  by  the  regression  (1)  and  measured  values  of  the  scattering  coefficient  b  for  the  different  layers.  Figure  2  the  sanK 
for  the  absorption  coefficient  a(390).  In  Table  4  there  are  given  the  calculated  by  the  regression  (1)  and  measured  values  of 
all  coefficients  for  two  extreme  cases  corresponding  to  the  lowest  and  the  highest  values  of  b  and  a(390)  at  0-10  m.  Figures  1. 
2  and  Table  4  demonstrate  an  accuracy  of  the  regression  calculation,  and  allow  to  decide  for  each  specific  case  if  it  is 
reasonable  for  the  purpose  in  view  or  not.  At  least  it  is  seen  from  Table  4.  the  calculated  values  display  the  distinctions 
between  the  clearest  arul  most  turbid  waters  at  the  deeper  layers  even  if  with  moderate  accuracy. 
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Flg.1  Comparison  of  the  calculated  and  measured 

(b  )  values  of  the  scattering  coefficient  at  the 
meas . 

different  layers. 
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Fig. 2  Comparison  of  the  calculatod  (acalc.^  maaaured  (a^ 
valuaa  of  tha  absorption  ooaffioiant  at  390nm  at  the 
diffarant  layors. 
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4  CALCULATION  THROUGH  VALUES  OF  THE  SECCHl  DEPTH  AND  OF  THE  DIFFUSE 

ATTENUATION  COEFFICIENT 

The  values  of  the  scattering  coefficient  can  be  evaluated  in  principle  through  the  Secchi  dq)th  D.  The  regression 
between  the  Secchi  depth  and  the  scattering  coefficient  b  at  520-550  nm  was  calculated  previously'^ 

//1 6  =  2.23  -  113 /n  A  (2) 

where  b  is  the  averaged  over  the  layer  D  value  of  the  scattering  coefficient.  The  value  of  b  fcHuid  by  means  of  (2)  can  be  used 
then  for  the  calculation  of  the  values  b-,  the  expansion  by  the  eigenvectors  of  the  covariance  matrix  =  A^lb^b^]  with  the 
first  term  only  is  worth  to  apply 

=  +  ,  /=1,2,..,5  (3) 

where  is  the  mean  values  b,  (see  Table  2),  is  the  first  eigenvector  value  for  the  /-layer  (Table  5) 

Table  4.  Calculated  and  measured  values  of  the  coefficients  for  the  extreme  cases 


lowest  values 

highest  values 

layer. 

b,  m 

m*^  sr  ■* 

b,m' 

1 

j5(l°),  m**  sr** 

m 

meas.  calc. 

meas. 

calc. 

meas. 

calc. 

meas. 

calc. 

0-10 

0.060 

0.060 

4.5 

4.5 

1.21 

1.21 

80 

80 

10-25 

0.069 

0.070 

5.2 

5.2 

o.% 

1.03 

66 

72 

25-50 

0.066 

0.099 

5.4 

7.1 

0.46 

0.65 

34 

52 

50-100 

0.065 

0.110 

4.5 

9.2 

0.15 

0.24 

13 

22 

100-200 

0.042 

0.080 

3.1 

7.4 

0.14 

0.16 

12 

14 

m**  sr'* 

^(450). 

m'*  sr** 

m 

"*  sr  ■* 

ji(45‘>),  m 

**  sr** 

meas. 

calc. 

meas. 

calc. 

meas. 

calc. 

meas. 

calc. 

0-10 

0.19 

0.19 

0.0023 

0.0023 

5.7 

5.7 

0.013 

0.013 

10-25 

0.22 

0.23 

0.0026 

0.0022 

4.6 

4.8 

0.0094 

0  0111 

25-50 

0.20 

0.34 

0.0023 

0.0023 

2.0 

2.7 

0.0053 

0.0095 

50-100 

0.20 

0.35 

0.0025 

0.0026 

0.52 

0.82 

0.0030 

0.0047 

100-200 

0.13 

0.22 

0.0017 

0.0022 

0.46 

0.57 

00025 

0.0029 

fl(390),  m-1 

o(430).  m** 

0(390),  m** 

0(430),  m** 

meas. 

calc. 

meas. 

calc. 

meas. 

calc. 

meas.  calc. 

0-10 

0.028 

0.028 

0.020 

0.020 

0.175 

0.175 

0.083 

0.083 

10-20 

0.037 

0.033 

0.024 

0.023 

0.143 

0.152 

0082 

0.078 

25-50 

0.043 

0.040 

0.029 

0.031 

0.107 

0.133 

0.062 

0.066 

50-100 

0.043 

0.048 

0.031 

0.037 

0.135 

0.133 

0.073 

0.063 

100-200 

0.039 

0.049 

0.029 

0.036 

0.165 

0.139 

0.087 

0.060 

Table  5.  The  first  eigenvector  values  for  the  different  sets 


/ 

layer,  m 

Set  1 

Set  2 

Total 

1 

0-10 

0.388 

0.727 

0.708 

2 

10-25 

0.468 

0.597 

0.600 

3 

25-50 

0.633 

0.330 

0.359 

4 

50-100 

0.452 

0.060 

0.087 

5 

100-200 

0.160 

0.043 

0.050 
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The  first  characteristic  value  contributes  66.6%  of  the  total  dispersion  for  Set  1,  95. 1%  for  Set  2,  95.7%  for  the  Total.  It  is 
seen  from  Table  5.  the  depth  changes  are  similar  for  Set  2  and  for  the  Total:  the  values  of  decrease  with  the  depth,  and 
especially  sharply  the  3  -  to  -  4  layers;  for  Set  1  there  is  the  maximum  of  at  25-50  m. 

These  distinctions  do  not  exclude  a  possibility  of  using  of  the  Total  Set  for  Set  1.  The  latter  coiiq)rises  samples 

with  no  high  values  of  ,  so  for  the  most  of  them  the  values  of  the  coefficient  e  =  (6^  *  ^  V  are  negative;  and  the 
values  of  6, =6,  +  are  differences  of  two  monotonically  decreasing  functions  b.  and  that  can  result  in  a  curve  with 
maximum  t^ical  of  Set  1.  The  efficiency  of  (2)  was  tested  ^  means  of  finding  the  coefficients  e  from  (2),  and  followed  by 
calculation  of  the  values  b  for  each  of  the  samples.  The  coefficient  e  was  found  as  the  averaged  over  one  or  two  or  three 
layers  depending  on  the  value  of  D.  Table  6  presents  the  results  of  the  testing. 

Table  6.  Standard  errors  of  the  calculation  of  b^by  means  of  (2)  with  6/ ,  of  the  Total  Set 


i 

layer,  m 

Setl 

Set2 

Total 

1 

0-10 

0.021 

O.OIl 

0.012 

2 

10-25 

0.010 

0.037 

0.018 

3 

25-50 

0.014 

0.104 

0.051 

4 

50-100 

0.024 

0.054 

0032 

5 

100-200 

0.022 

0.026 

0.023 

As  seen,  the  errors  for  the  Total  Set  are  even  smaller  than  the  ones  in  Table  3;  it  is  attributable  to  the  fact  that  the 
coefficients  e  in  equation  (2)  were  found  with  using  not  only  b  j  but  also  ^2  even  63  for  clear  waters. 

In  order  for  the  volume  scattering  function  J3(0  )  to  be  found  from  6  it  is  necessary  to  know  the  scattering  phase 
function  P(ff )  -  jyS  Vb.  Our  estimation  showed  it  is  possible  to  ad(^  two  scattering  functions  P|  (Q  )  and  i9  )<  the 
former  for  all  layers  in  the  case  of  clear  waters  (Set  1)  and  for  the  layers  50-100  and  100-200  m  for  turbid  (Set  2);  the  latter 
at  the  0-50  m  for  turbid  waters.  These  functions  were  oimputed  on  the  available  measurement  data  (N,=160,  N2=30)  and  are 
given  with  their  standard  deviations  in  Table  7. 

Table  7.  The  mean  scattering  functions  ),  P2i9  )  and  their  standard  deviations  &>,  and  Sp^ 


$  ,degree 

1 

2 

4 

6 

10 

15 

45 

90 

135 

^1  (e) 

245 

88 

32 

8.4 

3.0 

0.92 

0.40 

0.023 

0.0051 

0.0054 

93 

21 

5.0 

14 

0.65 

0.26 

0.10 

0.009 

0.0022 

0.0022 

P2  (0) 

238 

90 

35 

10.4 

3.5 

0.98 

0.38 

0.015 

0.0025 

0.0023 

57 

14 

2.9 

12 

0.58 

0.20 

0  16 

0.004 

0.0008 

0.0008 

The  function  Pi(9)  is  typical  for  the  ocean  waters  with  low  bioproductivity.  P2(&)  for  medium  and  high  bioproductivity 
the  values  of  the  averaged  cosine  and  of  the  asymmetry  factor  b^^  (6^  and  6^,  are  the  forward  and  badcscattering 
coefficients)  are  equal  0.908  and  29.8  correspondingly  for  Pi(9),  0.950  and  69.7  for  PiiQ ) 

The  results  of  comparison  of  the  calculated  and  measured  volume  scattering  functions  at  the  10-25,  25-50  and  50-100,  100- 
200  m  layers  for  two  extreme  cases  orresponding  the  lowest  and  highest  scattering  at  0-10  m  layer  are  shown  in  Figures  3a 
and  3b.  As  seen,  these  results  are  in  agreement  with  the  findings  above  (See  Tables  3,  4. 6.  7). 

The  diffuse  attenuation  coefficient  Kp(X )  can  be  used  to  assess  the  spectral  absorption  coefficient  a(X  ),  with  an  accuracy 
no  worse  than  20%  ;  the  absorption  coefficients  of  the  deeper  layers  can  be  assessed  then  by  using  of  the  regression  (1) 

between  a,  and  o, .  That  allows  in  principle  to  assess  the  values  of  the  absorption  coefficients  in  the  uiqrer  200  m  ocean  on  the 
satellite  data  of  the  CZCS  (Coastal  Zone  Color  Seamier)  and  of  the  forthcoming  SeaWiFS  (Sea-viewing  Wide  Field-of-view 
Sensor),  which  include  the  diffuse  attenuation  coefficient  Kp  (490)  as  a  standard  product.  The  scheme  of  the  calculation  can 
be  as  follows: 
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Fig. 3a  Comparison  of  the  calculatedCsolid  curves)  and 

measured (dashed  curves)  volume  scattering  functions 
j5(0)  at  the  10-25  and  25-50m  layers. 

1  -  Philippine  Sea  -  the  lowest  scattering! 

2  -  Peruvian  Shelf  -  the  highest  scattering. 
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Fig. 3b  Comparison  of  the  calculated  (solid  curves)  and 

measured  (dashed  curves)  volume  scattering  functions 
^(6)  at  the  50*-10Q  and  100-200m  layers. 

1  -  Philippine  Sea  **  the  lowest  scattsrlngi 

2  -  Peruvion  Shelf  -  the  highest  scattering. 
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1 .  the  spectral  values  of  KjjiX )  are  computed  from  ArQ(490)  using  the  spectral  models  AP  or  VS 

2.  the  spectral  values  of  a{\  )  are  calculated  from  means  of  a  simple  formula  a  =  0.8  Kj^ 

3  .  if  the  penetration  depth  2^  is  less  than  10-15  m,  it  is  accept^le  to  use  the  regression  (1)  for  assessment  a-  (390), 
a/430)  through  the  values  of  a,  (390),  a, (430);  if  is  more  than  15-20  m  it  is  worth  to  use  an  af^roach  similar  to 
described  above  in  relation  to  the  calculation  through  the  Secchi  dick  depth; 

4.  the  spectral  values  of  a(A )  can  be  assessed  through  a(390),  o(430)  means  of  the  spectral  model. 

It  is  possible  to  use  other  schemes  of  the  calculation.  Among  them  the  estimation  of  the  values  at  the  deeper  layer 
through  the  subsurface  value  just  as  Sud'bin,  Volynsky  estimated  followed  by  the  calculation  of  a{X )  through  '^.Qf 
course  a  practical  development  of  the  calculation  algorithm  and  an  assessment  of  its  accuracy  calls  for  special  investigation. 
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ABSTRACT 

Statistical  analysis  was  applied  for  study  of  vertical  profiles 
of  beam  attenuation  coefficient  C(z)  and  temperature  T(z)  measured 
in  the  North  Atlantic  In  September  1988.  Total  set  of  data 
consisted  of  60  profiles.  Following  statistical  parameters  were 
calculated:  correlation  and  covariance  matrices,  eigenvalues  and 
eigenvectors,  factor  loading.  Correlation  matrix  for  profiles  of 
beam  attenuation  coefficient  differs  from  temperature  one.  The 
later  characterises  by  high  correlation  at  all  depths  (10-130  m). 
For  profiles  of  beam  attenuation  coefficient  correlation  Is  hl^ 
only  at  vertical  separation  less  than  30-40  m.  Eigenvector 
representation  of  observed  profiles  was  carried  out.  Cumulative 
per  cent  of  total  variance  explained  by  first  few  eigenvectors  and 
corresponding  standard  errors  of  el^nvector  representation  of 
observed  profiles  were  calculated.  The  first  factor  loading  for 
beam  attenuation  coefficient  is  maximum  at  depths  less  than  30  m 
(r=0.98).  The  second  factor  loading  Is  maximum  at  depth  50  m 
(r=0.9)  where  in  many  cases  nephelold  layer  Is  observed.  Study  of 
statistical  connection  between  temperature  and  beam  attenuation 
coefficient  vertical  profiles  shows  that  correlation  between  the 
first  principal  components  C  and  T  Is  sufficiently  high  (r=-0.89). 
For  the  other  principal  components  C  and  T  correlation  is  close  to 
sero . 


1 .INTRODUCTION 

Representation  of  different  variables  by  empirical  orthogonal 
functions  is  widely  used  In  meteorology  and  oceanography.  Also 
this  method  has  been  applied  for  studies  In  different  fields  of 

hydroop 1 108^““^.  But  It  was  not  widely  used  for  study  of  vertical 
profiles  of  sea  water  optical  properties  and  was  applied  only  for 
small  areas  of  the  ocean  witn  approximately  the  same  vertical 

structiu'e''^*^. 

In  this  paper  empirical  orthogonal  expansion  Is  applied  for 
statistical  analysis  of  vertical  profiles  of  beam  attenuation 
coefficient  CCz)  and  temperature  T(z)  measured  In  spacious  area  of 
the  North  Atlantic.  Main  questions  considered  below  are:  what 
number  of  eigenvectors  Is  needed  for  representation  of  observed 
profiles  with  desired  accuracy?  How  much  eigenvectors  Is  needed 
for  prediction  of  qualitative  structure  of  profiles  C(z))  ?  How 
factor  loadings  change  with  depth?  What  Is  the  statistical 
connection  between  beam  attenuation  coefficient  and  temperature? 
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2.EXFERIUENTAL  DATA 


Vertical  profiles  of  beam  attenuation  coefficient  and 

temperature  T{z)  were  measured  in  September  1988  in  the  North 

Atlantic  from  30°  to  60°  N.  Measurements  were  carried  out  by 
transmlssometer  at  the  depth  range  0-200  m.  Accui‘acy  of 

determination  of  beam  attenuation  coefficient  is  0.02  m“', 

resolution  -  0.003  m"^.  Measurements  are  carried  out  at  wavelength 
530  nm,  half-width  of  the  spectral  range  is  15  nm.  Accuracy  of 

depth  and  tempera tiu’e  sensors  are  2  m  and  0.1°  respectively.  Data 

set  was  mainly  obtained  at  sections  along  18°  and  36°  W  and 
consisted  of  60  profiles.  Measurements  were  carried  out  in 
different  climatic  zones  (from  subtropic  to  subpolar)  with  vai’lous 
vertical  structiu'e  of  beam  attenuation  coefficient.  Typical 
vertical  profiles  G(z)  are  shown  in  Fig.1.  In  the  northern  part  of 
the  studied  area  near  surface  turbid  layer  was  observed  (ciu^e  1). 


BEAM  ATTENUATION  COEFFICIENT,  m' 


Pig.1.  Typical  vertical  profiles  of  beam  attenuation  coefficient. 

In  the  southern  part  and  in  the  frontal  zone  between  40°  and  50°  N 
there  was  subsurface  nepheloid  layer  (curves  2  and  3),  which  was 
of  greater  intensity  in  the  frontal  zone.  Some  profiles  had  more 
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complex  structure. 

variations  of  near  surface  values  of  beam  attenuation 
coefficient  and  temperature  in  the  studied  area  were  very 
great.  Surface  value  of  G  Increased  from  southern  to  northern 

regions  from  0.1  to  0.72  m~^  and  surface  temperature  decreased 

from  25”  to  10”. 


3. STATISTICAL  ANALYSIS 

The  following  set  of  statistical  parameters  were  calculated: 
mean  profiles  G(z)  and  T(z),  covariance  and  correlation  matrices, 
eigenvalues  and  eigenvectors,  factor  loadings.  Calculations  were 
carried  out  in  the  depth  range  10-130  m  with  step  10  m.  This  depth 
range  was  chosen  because  values  of  beam  attenuation  coefficient  at 
smaller  and  greater  depths  were  nearly  the  same  as  for  2=10  m  and 
2=130  m  respectively.  _ 

Mean  vertical  profile  Gfz)  and  profile  of  normalised  standard 
deviation  K(z)^  o^(z)/G(z)  are  shown  In  Fig. 2.  It  can  be  seen  In 

Fig. 2  that  G(z)  and  K(z)  decrease  with  depth.  Value  of  standard 
deviation  In  surface  layers  Is  approximately  20  times  greater  than 
at  depths  z  >100  m.  This  means  that  variations  of  beam  attenuation 

0  0.2  a4 

I  I  ~‘i  —  ■■  ■ 


Fig. 2.  Mean  vertical  profile  of  beam  attenuation  coefficient 
(solid  line)  and  vertical  distribution  of  normalized  standard 
deviation  (dashed  line). 
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Fig. 3.  Correlation  matrices  of  vertical  profiles  of  beam 
attenuation  coefficient  (a)  and  temperature  (b). 

Following  well  known  expansion  has  been  used  for  representation 
of  observed  profiles  C(z)  and  T(z)i 

C(Zj)  =  CT^  f  ^ 

where  is  f-th  eigenvector  of  appropriate  covariance  matrix  and 
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2  (C(z, 

J  ^ 


)  -  mzj))  ^\(zj) 


Is 


C-th  principal  component. 


It’s 


well  known  tliat  the  eigenvector  representation  is  optimum  in  the 
sense  that  maximum  variance  may  be  accounted  by  choosing  in  order 
the  eigenvectors  associated  with  the  largest  eigenvalues  of 
appriitpriate  covariance  matrix. 

Calculations  show  that  cumulative  per  cent  of  total  variance 


explained  by  the  eigenvectors  associated  with  the  i  largest 
eigenvalues  of  covariance  matrix  for  beam  attenuation  coefficient 
are:  V^=  77%;  V^=  94%;  V^=  97%.  Corresponding  standard  errors  of 


representation  of  observed  pr«3flles  C(z)  by  i  eigenvectors  are: 

=  0.046  m~^ ;  0^  =  0.0P4  m~'  ;  0^  -  0.017  .  Thus  first  few 

eigenvectors  explain  main  part  of  total  variance  and  give  high 
accuracy  in  representation  of  observed  profiles  C(z). 


EIGENVECTOR 


EIGENVECTOR 


Fig. 4.  The  first  (solid  line)  and  the  second  (dashed  line) 
eigenvectors  of  beam  attenuation  coefficient  (a)  and  temperature 
(b)  covariance  matrices. 


Two  eigenvectors  associated  with  largest  eigenvalues  of 
covariance  matrix  for  beam  attenuation  coefficient  are  shown  in 
Fig. 4a.  The  first  eigenvector  is  maximum  in  surface  layers  and 
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decreases  with  depth.  Its  vertical  distribution  Is  nearly  the  same 
as  for  standard  deviation  o^Cz).  The  second  eigenvector  Is  maximum 

at  depths  40-60  m  and  controls  mainly  the  amplitude  of  nephelold 
layer. 

Eigenvectors  of  the  temperature  covariance  matrix  are 
qualitatively  similar  to  described  above  (Fig. 4b).  For  Instance 
the  first  eigenvector  decreases  with  depth  but  not  so  rapidly  as 
for  beam  attenuation  coefficient.  This  Is  connected  with 
essentially  less  reduction  of  standard  deviation  with  depth  o,j,(z) 

for  temperature  profiles.  For  example  near  the  surface  =  4.1° 

;and  at  depth  100  m  0,^  2.7? 

Calculations  of  factor  loadings  for  beam  attenuation 
coefficient  (Fig. 5)  show  that  the  first  factor  loading  Is  maximum 
at  depths  2  <■  30  m  (r=0.97 -0.98) .  The  second  factor  loading  passes 
through  a  maxlmimi  at  depth  50  m  (r=0.9).  The  third  factor  loading 
Is  maximiim  at  depths  z  >  100  m  but  Its  value  doesn’t  exceed  0.63. 
Thus  without  significant  errors  the  first  and  the  second  principal 
components  can  be  obtained  from  values  of  beam  attenuation 
coefficient  In  siu’face  layers  and  at  depth  50  m  respectively.  For 
temperatui'e  profiles  the  first  factor  loading  Is  great 
(7'*=0.97-0.99)  at  all  depths. 

FACTOR  LOADING 


-as  0  0.5  to 


Fig. 5.  The  first  (solid  line),  the  second  (dashed  line)  and  the 
third  (dot-and-dash  line)  factor  loading  for  profiles  G(z). 


SPIE  Vol.  22S8  Ocean  Optics  XII  (1994)  /  639 


It  must  be  pointed  out  that  all  statistical  parameters 
calculated  separately  for  the  eastern  and  the  western  parts  of  the 
studied  area  are  nearly  the  same  as  for  the  total  set  of 
data.  This  means  that  the  total  set  of  data  can  be  used  for 
statistical  representation  of  observed  profiles  In  different  parts 
of  the  studied  area. 


BEAM  ATTENUATION  COEPPICIHJT, 


0.1  0.2  oj  0.4  05  ae 


Flg.b.  Tranafoimiat Ion  of  vertical  profile  G(z)  in  dependence  of 
value  of  tVio  first  principal  component. 

Let's  ivinslder  decomposition  (1)  In  which  only  one  el^nvector 
c.orrespondlrig  to  the  largest  eigenvalue  Is  used.  For  this  case 
transformation  of  profile  C(z)  In  d^endence  of  value  of  the  first 
principal  component  Is  shown  In  Pig. 6.  It  can  be  seen  In  Pig. 6 

that  profiles  with  tvu’bld  near  surface  layer  correspond  to  large 
positive  values  of  With  reduction  of  values  of  beam 

attonuation  coefficient  In  surface  layers  decrease  and 
jilmultaneously  thickness  of  turbid  layer  Increases.  From  values  of 
-  -0.?.  the  nephelold  layer  at  depths  30-50  m  forms.  Such 

dependence  allows  to  suppose  that  use  of  only  first  eigenvector  In 
decomporltlon  (1 )  gives  possibility  to  predict  the  qualitative 
Gtnjcturu  '.'f  profiles  G(z),  We  divided  all  profiles  G(z)  Into  two 
types:  i  -  pn^flles  with  maximum  In  surface  layers  and  2  - 

profiles  with  subsm'face  nephelold  layer.  As  the  parameter 
dividing  profiles  G(z)  Into  two  types  value  of  S  =  /G(z^10  m) 

was  chosHn.  If  value  of  3  exceeded  1.2  profiles  were  attributed  to 
the  2  type  and  others  to  1  type  (thus  to  the  later  type  profiles 
with  low  amplitude  nephelold  layer  were  attributed).  Then 
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different  m.iml)er  of  tei*m£i  In  expansion  (1 )  were  used  for 
repreBentatlon  of  observed  profile  and  obtained  from  expansion  (1 ) 
veiue  of  S  was  compared  with  corresponding  value  for  measured 
pr-yflle  Cfz). 

Calculations  show  that  representation  of  observed  profile  by 
only  first  eigenvector  In  most  cases  (about  80%)  allows  to  predict 
Its  type.  Use  of  two  eigenvectors  In  expansion  (1)  correctly 
predicts  the  type  of  observed  profiles  In  95%  of  cases. 

One  of  the  main  goals  of  our  study  was  statistical  analysis  of 
connection  between  different  parameters  of  vertical  profiles  of 
bojim  attenuation  coefficient  and  temperature.  Existence  of  such 
co]'relatlon  is  very  Important  In  the  sense  of  use  of  hydrological 
data  for  estimation  of  optical  properties.  For  this  puroose 
correlation  between  principal  components  and  values  of  beam 
attenuation  coefficient  and  temperature  at  different  depths  was 
considered . 

Statistical  analysis  shows  that  temperature  closely  correlates 
with  value  of  beam  attenuation  coefficient  only  In  surface  layer 
with  thickness  about  30  m  (r  =  -0.9).  At  neater  depths 
correlation  sharply  decreases.  Existence  of  sufficiently  nl^ 
correlation  Is  explained  by  increase  of  productivity  In  the 
northeiTi  part  of  the  studied  area.  Corresponding  linear  equation 
which  c<?nnectG  values  of  C  and  T  at  zero  depth  has  the  following 
form : 


C  =  1.05  -  0.041  T  (2) 

Standard  error  In  determination  of  C  using  this  equation  is 
0.07  m”^ ,  relative  error  is  23%.  Also  high  correlation  between 
first  principal  components  and  takes  place  (r  =  -0.89) 
Corresponding  linear  equation  has  the  following  form: 

=  -0.025  (3) 

Coin’elatlon  coefficient  between  other  principal  components  C  and  T 
is  close  to  zero. 

It  was  shown  above  that  use  of  only  one  eigenvector  in 

expansion  (1 )  allowed  to  predict  the  type  of  vertical  profile 
C(z),  Because  of  close  correlation  between  the  first  principal 
components  of  G  and  T  It  Is  possible  to  predict  the  type  of 

profile  G(z)  using  value  of  H^,  For  analysis  of  this  possibility 

value  of  was  obtained  from  equation  (3)  and  then  profile  G(z) 

was  determined  using  only  first  term  In  expansion  (1). 
Calculations  carried  out  for  the  total  set  of  data  snowed  that  In 
80%  of  cases  type  of  profile  G(z)  was  predicted  correctly. 

Examples  of  representation  of  vertical  profiles  G(z)  In  this  way 
are  shown  In  Pig. 7.  Because  the  first  factor  loading  for 
temperature  profiles  Is  great  at  all  depths  It  Is  possible  to 
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Pig. 7.  Examples  of  representation  of  observed  profiles  C(z)  from 

T 

the  value  of  the  first  principal  component  .  Observed  profiles  - 
solid  line,  computed  -  dashed  line. 


Obtain  value  of  the  first  principal  component  from  value  of 

temperature  at  one  depth  (for  Instance  from  surface  temperature). 

Analysis  shows  that  value  of  surface  temperature  T  =  18°  In  most 
cases  can  he  treated  as  the  boundary  value  separating  areas  with 
different  types  of  profiles  C(z). 

It’s  well  known  that  temperature  doesn’t  influence  directly  on 
sea  water  optical  properties.  Correlation  considered  above  appears 
to  be  the  consequence  of  dynamical  processes  which  Influence  In 
the  proper  way  on  hydrological  and  optical  structure. 

Strictly  speaking  results  of  statistical  analysis  can  be 
applied  only  to  experimental  data  obtained  In  the  studied  area  of 
the  North  Atlantic  In  corresponding  season.  But  preliminary 
analysis  shows  that  in  many  cases  statistical  characteristics 
obtained  In  our  study  are  applicable  to  profiles  measured  In  other 
regions  of  the  Atlantic  ocean.  In  future  we  plan  to  carry  out 
analogous  statistical  analysis  for  the  greater  set  of  experimental 
data  obtained  in  different  regions  of  the  World  ocean. 
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ABSTRACT 

In  July-August  1988  optical  measurements  In  the  Northwest 

African  upwelling  region  (21°  -  22°20’  N.  17°2o'  -  18°  W)  were 
carried  out.  Measurements  of  vertical  profiles  of  beam  attenuation 
coefficient  G(z),  diffuse  attenuation  coefficient  temperature 

and  salinity  were  made  at  39  stations  during  9  days.  In  addition 
continuous  measurements  of  chlorophyll  fluorescence  and  surface 
temperature  were  carried  out  between  stations.  Observations  showed 
very  high  spatial  variability  of  optical  properties  In  the  study 
area.  For  Instance  surface  value  of  beam  attenuation  coefficient 

at  wavelength  530  nm  varied  from  0.15  m“^  to  2.6  m"”*  .  In  the 

central  part  of  the  study  area  the  filament  of  relatively  cold 

(temperature  about  18°)  and  transparent  (value  of  beam  attenuation 

coefficient  less  than  0.6  m"^ )  was  observed.  This  filament  was 
oriented  pei^endlcularly  to  the  coast  line.  Its  width  was  30-35  Km 

near  the  shore  and  10-15  km  at  18°  W.  The  filament  was 
sepeirated  from  surrounding  waters  by  frontal  zones  where  value 
of  optical  properties  Increased  sharply.  Most  turbid  waters  were 
observed  In  the  south-western  comer  of  the  study  area  and  most 
transparent  -  In  the  north-eastern  comer. 

1  .INTRODUCmCMf 


Many  years  coastal  upwelling  regions  are  objects  of  Intense 
study.  Mainly  this  Is  connectea  with  high  productivity  of  these 
regions  caused  by  upwelling  of  cold,  nutrlent-rlch  waters. 
Upwelling  occurs  when  there  Is  a  divergence  In  the  surface  current 
at  the  coastal  boundary,  because  of  offshore  Ekman  transport 
Induced  by  alongshore  winds.  Upwelling  of  nutrlent-rlch  waters 
leads  to  phytoplankton  growth  In  surface  layers. 

Intensive  hydrophysical  studies  of  coastal  upwelling  have  been 
carried  out  In  last  years.  (k)tlcal  observations  of  coastal 

upwelling  are  not  so  numerous^  Measurements  In  these  studies 
have  been  carried  out  mainly  at  separate  transects  oriented 
perpendicularly  to  the  coast  line.  Such  measurements  can  give 
adequate  description  of  upwelling  region  only  If  distribution 
of  hydrophysical  parameters  appears  to  be  two  dimensional  (In 
other  words  there  is  no  dependence  on  alongshore  coordinate).  But 
because  of  different  reasons.  In  many  cases  distribution  of 
various  parameters  Is  more  complex  and  there  Is  a  necessity  for 
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Pig.1  Location  of  atatione  in  the  study  area, 
carrying  out  measurements  at  few  transects. 

2. STUDY  AREA. 

Observations  In  the  Northwest  African  upwelllng  region  were 
carried  out  during  9  days  from  July  26  to  August  3,  1988.  Size  of 

the  main  study  area  was  80x40  nautical  miles  (21®-  22®20'n,17®20*- 

18®  N).  In  addition  transect  along  21®  N  (from  18®  to  20®  W)  was 
made.  Location  of  stations  In  the  study  area  Is  shown  In  Plg.1. 
Depths  In  the  study  area  varied  from  20(30  to  60  m.  Minimum 
distance  from  the  shore  was  20  km. 

Basic  data  (19  stations)  were  obtained  at  the  first  stage  of 
observations  during  three  days  (July  27  -  July  29).  Later  on 
measurements  were  carried  out  In  different  parts  of  the  study  area 
and  observations  at  few  stations  were  repeated.  At  the  last  stage 
of  observations  few  transects  were  made  for  estimation  of  temporal 
variability  of  observed  distributions.  In  the  shelf  waters  diurnal 
station  5823  was  carried  out. 

3. METHODS 

Following  set  of  optical  measurements  were  carried  out: 
vertical  profile  of  beam  attenuation  coefficient  C(z)  (at 
wavelength  X  =  530  nm),  vertical  profile  of  diffuse  attenuation 
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coefficient  (  A,  =  534  nm),  vertical  profiles  of  volume 

scattering  function  at  different  angles  (A,  =  633  nm). 
Between  stations  continuous  measurements  of  surface  chlorophyll 
fluorescence  and  temperature  T  were  carried  out.  Because  of 

complex  structure  of  distribution  of  hydrophysical  and 
hydrooptlcal  parameters  continuous  measurement  were  very  useful 
for  adequate  description  of  upwelllng  region. 

Optical  observations  were  accompanied  by  measurements  of 
temperature  and  salinity  vertical  profiles.  Also  concentrations  of 
chlorophyll  and  suspended  particulate  matter  (using  Coulter 
counter)  were  deteimlned  In  water  samples  taken  from  different 
depths . 


4. WIND  CONDiriCaiS 

It's  well  known  that  Ekman  transport  strongly  depends  on  wind 
speed  and  direction.  During  our  measurements  wind  conditions  were 
changeable.  At  the  beginning  of  observations  (on  July  27)  there 
were  strong  north  trade  winds  (favorable  for  upwelllng)  with  speed 
12-15  m/s.  During  July  28  wind  speed  diminished  to  5-6  m/s.  During 
next  days  wind  direction  changed  to  westward  and  wind  speed  still 
more  diminished.  These  changes  led  to  relaxation  of  upwelllng. 
Twice  local  Intensification  of  north  trade  winds  were  observed  (on 
July  30  and  August  2). 
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Fig. 2.  Typical  vertical  profiles  of  beam  attenuation  coefficient 
(solid  line),  temperature  (dashed  line),  salinity  (dotted  line). 


646  /SPIE  Vol.  2258  Ocean  Optics  XII  (J994) 


5. VERTICAL  DISTRIBUTION  OP  OPTICAL  PROPERTIES 


Vertical  profiles  of  beam  attenuation  coefficient  In  the  study 
area  were  typical  for  upwelllng  regions  (Plg.2.).  They 
characterizes  by  surface  turbid  layer  and  decreasing  of  beam 
attenuation  coefficient  with  depth.  In  many  cases. variations  of  G 
with  depth  were  very  high.  For  Instance  at  st.5831  beam 

attenuation  coefficient  varied  from  2.6  m“^  near  the  surface  to 

0.12  m~^  at  depth  200  m.  In  surface  layer  vertical  gradient  c3C/dz 

exceeded  0.2  m“Vm.  Vertical  profiles  of  other  optical  properties 
were  nearly  the  same  as  for  beam  attenuation  coefficient. 

Thickness  of  surface  turbid  layer  varied  from  10  to  60  m  and 
usually  coincided  with  thickness  of  mixed  layer.  Maximum  thickness 
of  turbid  layer  was  observed  In  the  northern  part  of  the  study 
area.  Minimum  thickness  of  surface  turbid  layer  was  observed  In 
frontal  zones  and  regions  of  Intensive  upwelllng  where  mixed  layer 
practically  was  absent. 

In  many  cases  at  depth  greater  than  100  m  there  were  local 
nephelold  layers  coinciding  with  analogous  layers  In  vertical 
profiles  of  temperature  and  salinity.  Formation  of  such  layers  Is 
connected  with  intrusions. 

6. DISTRIBUTION  OP  OPTICAL  PROPERTIES. 

The  most  notable  feature  of  optical  properties  distribution  In 
surface  layers  of  the  study  area  Is  very  high  spatial  variability. 
Value  of  beam  attenuation  coefficient  varies  more  than  10  times  - 

from  0.15  m“^  (st.5838)  to  2.6  m“^  (st.5831).  It  Is  Interesting 
that  most  turbid  waters  were  observed  far  from  the  coast.  In  the 
south-western  comer  of  the  study  area.  At  the  same  time 

transparent  waters  (with  value  of  C  about  0.2  m“^ )  were  situated 
In  shelf  zone.  In  the  north-eastern  comer  of  the  study  area. 
Analogous  variations  are  Inherent  to  other  optical  properties. 
Great  range  of  variations  was  also  observed  for  concentrations  of 

chlorophyll  (0.1  -  8.9  mg/m^)  and  suspended  particulate  matter 

(0.32  -  5.8  mm^/1). 

Distributions  of  surface  values  of  beam  attenuation  coefficient 
and  temperature  at  the  first  stage  of  measurements  (July  27  - 
July  29)  are  shown  In  Fig. 3, 4.  For  mapping  of  these  distributions, 
measurements  at  stations  and  continuous  measurements  between 
stations  were  used.  Statistical  analysis  showed  that  beam 
attenuation  coefficient  closely  correlated  with  chlorophyll 
fluorescence  (correlation  coefficient  0.94).  Thus  results  of 
chlorophyll  fluorescence  measurements  could  be  used  for  mapping  of 
beam  attenuation  coefficient  distribution. 

Later  on  we  will  consider  only  distribution  of  beam 
attenuation  coefficient  because  distributions  of  other  optical 
properties  and  concentrations  of  chlorophyll  and  suspended 
particulate  matter  are  nearly  the  same. 

Most  notable  feature  of  temperature  and  beam  attenuation 
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Pig. 3.  Isolines  of  surface  values  of  beam  attenuation  coefficient. 
Areas  of  most  turbid  waters  are  shaded. 

coefficient  distributions  consists  in  existence  of  the  filament 

with  relatively  cold  (temperature  about  18°)  and  transparent 

(value  of  beam  attenuation  coefficient  less  than  0.6  m"*’ )  waters 
In  the  central  part  of  the  study  area.  This  filament  Is  oriented 
nearly  perpendicularly  to  the  coast  line.  Its  width  Is  about  30-35 

km  near  the  coast  and  decreases  to  10-15  km  at  18°  W.  Value  of 
beam  attenuation  coefficient  Inside  the  cold  filament  Is  less  tlian 
In  surrounding  waters  and  Increases  only  near  Its  boundary.  Thus 
areas  of  turbid  waters  are  extended  along  the  cold  filament. 

Distributions  of  surface  chloropliyll  fluorescence  and 
temperature  at  transect  crossing  the  cold  filament  (Fig.  5)  show 
that  frontal  zones  bound  the  cold  filament  and  from  Its  southern 
side  frontal  zone  Is  more  Intensive.  Chlorophyll  fluorescence 
Increases  at  these  frontal  zones  and  at  south-western  boundary  of 
the  cold  filament,  waters  are  more  turbid  than  at  opposite 
boundary. 

Combination  of  relatively  low  temperature  with  low  values  of 
beam  attenuation  coefficient  and  low  concentrations  of  chlorophyll 
and  suspended  particulate  matter  In  the  filament  allows  to  suppose 
that  this  filament  Is  caused  by  upwelllng.  This  assumption  Is 
confirmed  by  vertical  temperature  sections  crossing  the  cold 
filament  (Fig. 6).  Sharp  displacement  of  Isotherms  (about  100  m) 
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Pig. 6.  Vertical  temperature  sections  crossing  the  cold  filament. 
Stations  5804  and  5810  are  located  inside  the  cold  filament. 

Inside  the  cold  filament  Is  the  evidence  of  Intensive  upwelllng. 
Relatively  low  productivity  of  waters  Inside  the  cold  filament 
can  he  explained  by  horizontal  spread  of  upwelled  waters  due  to 
which,  phytoplankton  growth  occurs  only  near  the  boundary  of  the 
filament. 

At  the  end  of  our  measurements,  width  of  the  cold  filament 
decreased  and  Its  temperature  Increased,  areas  of  turbid  waters 
near  Its  boundary  narrowed.  This  can  be  explained  by  the  change  of 
wind  conditions  which  led  to  relaxation  of  upwelllng. 

Similar  cold  filaments  In  coastal  upwelllng  regions  with 

with  approximately  same  parameters  were  observed  from  satellites^. 
Also  there  were  optical  observations  of  cold  filaments 

from  ”Nlmbus-7*’  by  CZCS°.  Unlike  our  case  these  data  showed  that 
In  cold  filaments  high  concentrations  of  chlorophyll  were 
observed.  This  discrepancy  can  be  connected  with  different  stages 
of  upwelllng  events. 

Another  Interesting  features  of  beam  attenuation  coefficient 
distribution  are  the  existence  of  transparent  waters  near  the 
shore.  In  the  north-eastern  comer  and  tumid  waters  far  from  the 
shore.  In  the  south-western  comer  of  the  study  area. 

Measurements  In  the  north-eastern  comer  were  carried  out 
twice:  at  the  beginning  of  our  experiment,  when  waters  with  value 
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of  beam  attenuation  coefficient  about  0.2  were  observed,  and 
after  few  days  when  there  were  essentially  more  turbid  waters  In 
this  area.  Hydrological  data  showed  the  existence  of  upwelllng  In 
the  north-eastern  comer.  Low  productivity  of  these  waters 
Indicated  that  there  was  Initial  stage  of  upwelllng  event  when 
phytoplankton  growth  didn’t  begin.  Only  after  few  days 
phytoplankton  growth  led  to  increasing  of  optical  properties 
and  concetratlon  of  chlorophyll. 

Vigorous  upwelllng  led  to  low  water  transparency  was  observed 
In  the  south-western  comer  of  the  study  area.  Depth  of  Isotherm 

T  =  16°  here  (71  m)  was  minimum  for  the  study  area  (maximum  depth 
of  this  Isotherm  was  227  m).  Upwelllng  velocity  estimated  by 

displacement  of  Isopycnals  during  1  day  was  about  10“^  cm/s. 
During  all  our  observations  In  this  area  value  of  beam  attenuation 

coefficient  Increased.  Value  of  (7  =  2.6  m“^  at  st.5831  was  maximum 
for  the  study  area.  Vertical  profile  of  beam  attenuation 
coefficient  at  this  station  (Flg.2)  was  typical  for  Intensive 
upwelllng,  with  absence  of  mixed  layer. 

Observed  distributions  appears  to  be  very  complex  and  not  two 
dimensional.  Isollnes  are  oriented  nearly  perpendicularly  to  the 
coast  line.  Comparison  of  temperature  and  beam  attenuation 
coefficient  distributions  In  surface  layers  of  the  study  area 
shows  similarity  In  Isollnes  stmcture.  Isohallnes  and  Isopycnals 
are  oriented  nearly  the  same  as  Isotherms  but  unlike  temperature, 
salinity  and  density  monotonously  Increase  in  north-eastern 
direction. 

Values  of  beam  attenuation  coefficient  at  depths  100-200  m  were 
essentially  less  than  In  surface  layers.  In  spite  of  high 
turbidity  of  surface  waters,  typical  for  open  ocean  values  of  G 

about  0.1  m“^  were  observed  at  this  depths.  Distribution  of  beam 
attenuation  coefficient  at  depth  TOO  m  (Plg.7)  was  more 
homogeneous  than  In  surface  layers  (range  of  variations  of  C  was 

0.085  -  0.2  m~^).  Isollnes  of  beam  attenuation  coefficient  at 
depth  100  m  are  oriented  nearly  the  same  as  In  surface  layers. 
Most  transparent  waters  are  located  In  south-westem  and 
north-eastern  parts  of  the  study  area.  Relatively  turbid  waters 
are  observed  In  Its  central  and  south-eastern  parts. 

Measurements  at  st.5823  located  at  continental  shelf,  showed 
high  diurnal  variability  of  optical  properties.  During  10  hours 

value  of  beam  attenuation  coefficient  decreased  from  1 .3  m"**  to 

0.6  m~\  Similar  variations  were  observed  for  diffuse  attenuation 
coefficient  and  concentrations  of  chlorophyll  and  suspended 
particulate  matter.  At  the  end  of  diurnal  st.5823  values  of 
optical  properties  Increased  to  approximately  the  same  values  as 
at  the  beginning*  of  measurements.  Also  changes  In  vertical 
structure  of  optical  properties  were  observed.  In  particular 
during  first  10  hours  nephelold  layer  at  depths  15-25  m  was 
formed.  Variations  of  optical  properties  were  closely  correlated 
with  temperature  variations.  Also  they  were  accompanied  by  changes 
In  current  speed  and  velocity. 
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Fig, 7.  iBolines  of  beam  attenuation  coefficient  at  depth  1(X)  m. 

Measurements  at  transect  along  21°  N  (from  18°  W  to  20°  W) 
showed  high  spatial  variability  of  chlorophyll  fluorescence  and 
temperature  In  Its  Initial  parts.  Surface  value  of  beam 

attenuation  coefficient  at  the  end  of  this  transect  (0.43  m”** )  was 
few  times  greater  than  typical  for  open  ocean  at  this  latitudes. 
This  means  that  coastal  upwelllng  Influences  on  water  productivity 
very  far  from  the  shore. 
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I.  ABSTRACT 

Moderate  bandwidth  (defined  here  to  be  between  1  and  12  nm)  radiometers,  used  frequently  in  remote  sensing  studies,  are 
routinely  calibrated  by  exposure  to  optical  standards  composed  of  incandescent  lamps.  These  radiometers  are  subsequently  used 
to  measure  solar  irradiances  having  significantly  different  spectral  distributions  from  the  standard  lamps.  When  woiicing  in 
regions  of  the  solar  spectrum  with  large  variations  in  intensity  as  a  function  of  wavelength,  significant  errors  can  be  introduced 
from  the  difference  between  the  lamp  spectrum  and  the  solar  spectrum.  Under  these  conditions,  a  "perfect"  radiometer  can 
grossly  over-  or  under-estimate  the  solar  irradiance,  while  several  otherwise  identical  radiometers  with  center  bandwidths 
ranging  over  +/-  2  nm  can  report  significantly  different  irradiances.  A  direct  instrument  intercomparison  experiment  was 
conducted  in  San  Diego  using  IS  five-channel  filter  radiometers.  The  mstruments  were  operated  for  approximately  one  week 
alongside  a  0.7  nm  bandwidth  scanning  spectroradiometer  under  a  variety  of  solar  conditions.  All  of  these  instruments  had  been 
calibrated  with  lamp  standards  traceable  to  NIST. 

There  are  fundamental  disparities  between  the  spectrum  of  sunlight  incident  on  the  earth’s  surface  and  that  normally  used  for 
calibration  sources  At  certain  parts  of  the  spectrum  between  350  and  700nm  sunlight  changes  in  intensity  by  as  much  as  89% 
per  nm  wavelength  while  calibration  sources  change  by  no  more  than  2.5%  per  nm.  This  rapid  rate  of  change  in  some  parts  of 
the  spectrum  makes  1%  solar  irradiance  measurements  potentially  unachievable.  In  an  effort  to  reduce  the  uncertainties  of 
transferring  calibrations  made  with  standard  lamps  to  filter-based  radiometers,  we  previously'  suggested  that  “source-specific” 
calibration  constants,  referenced  to  both  lamps  and  reference  solar  spectra,  be  used.  This  investigation  explores  how  well  diis 
procedure  can  work,  and  contrasts  this  result  with  intercomparison-  and  regression-based  calibrations. 

2.  BACKGROUND 

PUV  and  GUV  series  UV  Radiometers  (Biosphericai  Instruments  Inc.,  San  Diego,  CA,  USA)  are  filter  radiometers  which  have 
four  nominal  10  nm  bandwidth  channels  in  the  UV  at  305, 320, 340,  and  380  nm  and  a  single  broadband  PAR 
(Photosynthetically  Active  Radiation)  sensor  (Figure  1)'.  These  systems  were  designed  to  fill  the  need  for  a  simple  radiometer 
to  detect  UV  irradiance  and  its  relationship  to  changes  in  atmospheric  ozone  concentration. 

The  absolute  spectral  responsivity  of  each  channel  in  these  radiometers  can  be  described  by  a  function  R(X),  where  \  is 
wavelength.  The  determination  of  R(X)  can  be  done  by  direct  measurement,  but  requires  a  wavelength  tunable  light  source 
whose  output  is  accurately  known  and  which  can  illuminate  the  instrument’s  irradiance  collector  in  the  same  manner  as  sunlight 
(i.e.  can  frilly  illuminate  the  detector).  Such  instrumentation  should  also  have  a  bandwidth  which  is  small  relative  to  die 
bandwidth  of  the  sensor,  particularly  when  used  in  the  UV-B  spectral  region. 

An  alternate  approach  to  the  determination  of  R(X)  is  to  compute  the  spectral  product  of  the  response  of  die  detector,  R^(A.),  the 
spectral  transmission  of  all  filter  components,  Tf,|((A.),  and  the  diffriser,  T^jfffA.),  as  follows; 

/KX)  =  f^(X  )rfi„(x  )rdiff(X  ycr  (i .) 

In  practice,  R^jfifX)  is  only  known  in  a  relative  fashion  because  flux  from  the  diffriser  overfills  the  detector.  An  additional  source 
of  uncertainty  is  introduced  because  the  filter  transmissions  are  usually  measured  in  a  spectrophotometer,  and  the  geometry  (i.e.. 
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angle  of  incidence  and  field  of  view)  of  the  spectrophotometer  does  not  match  that  of  the  assonbled  instrument  To  account  for 
these  uncertainties,  a  constant  Cf  is  introduced  in  Equation  1 .  Conceptually,  the  response  function  of  diis  sensor  may  be 
modeled  using  these  spectra  and  Equation  1 . 


wavelength  (nm) 


Figure  I.  Nominal  spectral  response  of  the  GUV/PUV-500  series  filter  radiometers.  Each  channel  has 
been  normalized  to  I  at  the  peak. 


Determination  of  the  "absolute"  calibration  of  a  radiometer  (such  as  the  one  whose  response  is  shown  in  Figure  1)  is  frequently 
conducted  by  placing  the  device  in  front  of  a  Standard  of  Spectral  Irradiance  (typically  a  1000  watt  type  FEL  lamp)  under 
conditions  specified  by  the  National  Institute  of  Standards  and  Technology^.  The  output  voltage  may  be  related  to  irradiance 
through  a  nominal  calibration  constant,  C„: 

Using  data  from  such  a  lamp-based  calibration  and  the  individual  optical  properties  of  the  sensor  constituents,  we  can  dien 
calculate  the  responsivity  constant,  Cp  where  V„  is  the  output  voltage  generated  by  die  calibration  irradiance,  E|(X,i)> 
nominal  center  wavelength  of  the  device, 

Cr  =  -^5 - -  (3.) 

I  E/(X)  /^(X  )7f;it(X  )7'<|-,ff(X  )dK 

A,=0 


By  knowing  and  assuming  a  specific  source  stability,  an  absolute  responsivity  can  be  calculated. 

In  an  attempt  to  remove  the  effects  of  the  different  shapes  of  die  lamp  and  solar  spectra,  a  source-specific  calibration  constant 
can  be  devised  that  is  normalized  to  a  reference  solar  spectra,  E|„(X),  assumed  to  be  more  like  the  unknown  source  spectrum.  In 
this  case,  we  have  chosen  a  reference  spectrum  generated  by  Lowtran^. 


J/?(X)£ta(X)dX 
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Unless  the  relative  spectral  irradiance  of  the  unknown  source  matches  E|(A^),  errors  in  the  irradiance  estimate  will  occur.  Thus, 
even  with  the  source-specific  caiibration,  inherent  errors  exist  in  the  measurements  of  ail  radiometers  or  spectroradiometers 
with  finite  bandwidths  that  are  calibrated  with  lamp  standards  and  applied  to  measurements  where  the  spectral  distributions 
are  different 

An  additional  method  of  “calibration,”  by  comparison  with  an  instrument  believed  to  be  accurate,  may  also  be  used.  In  this 
procedure,  a  large  number  of  near-simultaneous  observations  are  made  using  both  a  filter  radiometer  and  a  high-resolution 
scanning  spectroradiometer^,  and  statistical  techniques  are  used  to  derive  a  caiibration  constant  which  we  will  term  Cj,  for 
intercomparison-based  calibration.  Such  calibrations  are,  of  course,  only  as  good  as  the  reference  instrument.  To  investigate  the 
ability  of  this  calibration  method  to  yield  “correct”  measurements,  some  of  the  results  of  just  such  an  intercomparison  will  be 
examined. 


3.  PROCEDURE: 

An  intercomparison  of  instruments  was  made  on  the  roof  of  the  facility  at  Biospherical  Instruments  in  San  Diego.  The  scanning 
spectroradiometer  used  was  a  Biospherical  Instruments  SUV-IOO  Spectroradiometer  which  is  permanently  mounted  on  the 
facility  roof,  free  of  obstructions.  This  instrument  is  a  part  of  the  NSF-sponsored  UV  Monitoring  Netwoilc^.  It  was  calibrated  in 
place  using  a  200  watt  Standard  of  Spectral  Irradiance  calibrated  by  Optronics  Laboratories  (Orlando,  FL)  to  the  specifications 
of  Biospherical  Instruments. 

During  the  calibration,  data  scans  were  conducted  every  half  hour.  Scans  were  made  at  increments  of  0.2  nm  (280-3 1 5  nm),  0.5 
nm  (280-380  nm)  and  1 .0  nm  (280-620  nm).  The  time  and  date  recorded  in  the  resulting  data  files  were  corrected  once  per  day 
by  comparison  with  the  Universal  time  and  date  (UT)  transmitted  by  GPS  (Global  Positioning  System).  The  GUV  and  PUV 
filter  radiometers  recorded  data  at  two  minute  intervals,  representing  a  two  minute  average.  A  database  paired  filter  radiometer 
observations  with  sequences  of  spectral  irradiance  measurements. 

The  filter  radiometers  were  calibrated  in  the  calibration  facility  of  Biospherical  Instruments  using  a  1000  watt  FEL-type  working 
Standard  of  Spectral  Irradiance  generated  at  Biospherical  Instruments  by  comparison  with  a  NIST  issued  FEL  Standard  of 
Spectral  Irradiance.  Therefore,  both  the  filter  radiometer  and  the  scanning  spectroradiometer  had  independent  calibration  paths 
joining  at  NIST. 

The  regression  analysis  was  performed  by  taking  the  full  dataset  of  between  120  and  160  daytime  observations  taken  at  San 
Diego,  CA  between  7/23/93  20:41  and  8/1/93  19:09.  During  that  period,  solar  angles  ranged  from  13.6  to  89.4°,  and  the  sky 
conditions  ranged  between  clear  and  overcast. 

4.  SOURCE-SPECinC  AND  INTERCOMPARISON-BASED  CALIBRATIONS  AT  305  NM 

Various  approaches  to  calibrating  moderate  bandwidth  radiometers  were  examined  in  the  intercomparison  at  Biospherical 
Instruments.  Table  1  shows  the  results  of  measurements  taken  on  8/2/93  at  20:38  hrs  (UT).  The  GUV-51 1  SN  9228  reported  an 
irradiance  of  1 .57  |iW/cmVnm  when  referenced  to  the  traditional  lamp  calibration  (Equation  2).  This  differed  from  the  SUV 
spectroradiometer  irradiance  by  -74%.  When  the  calibration  approach  described  by  Equation  4  (i.c.,  the  “source-specific” 
calibration  with  the  reference  source  using  a  Lowtran  generated  spectrum)  was  used  then  this  “error”  was  reduced  to  -43%.  A 
much  better  regression-based  calibration  constant  (see  Figure  3)  was  obtained  by  comparison  against  the  SUV- 100.  It  was  found 
that  most  of  the  outliers  in  the  regression  were  traceable  to  conditions  where  cloud  cover  caused  changes  in  the  light  field  widiin 
the  ±1  minute  registered  sample  windows. 

There  are  several  factors  that  may  have  contributed  to  this  poor  agreement  between  calibration  results.  First,  the  spectral 
response  of  the  GUV-5 1 1  is  imperfectly  known.  It  is  well-known  that  interference  filters  “detune”  or  shift  their  spectral 
response  toward  shorter  wavelengths  when  the  transmitted  light  differs  from  normal  incidence.  In  the  case  of  the  GUV-5 1 1 ,  the 
flux  passing  through  the  filters  to  the  detector  is  contained  in  a  larger  solid  angle  than  when  measured  in  the  spectrophotometer, 
thus  some  shift  to  shorter  wavelengths  can  be  expected.  When  R(X)  was  simply  shifted  down  by  2nm,  this  “error”  was  reduced 
to  -27%.  Shifting  R(A.)  by  -4nm  practically  eliminated  the  “error”  (-1%). 
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A  second  factor  that  contributed  to  the  apparently  poor  agreement  of  the  source-specific  calibration  constant  was  that  the 
reference  Lowtran  spectrum  and  the  SUV-100  measured  spectrum  exhibited  relatively  poor  agreement  in  this  spectral  region. 
Figure  4  shows  details  of  these  two  spectra.  When  a  solar  spectrum  measured  by  the  SUV-IOO  spectroradiometer  four  days 
earlier  was  substituted  for  the  Lowtran  reference,  the  error  dropped  to  -31%.  WhenR(k)  was  downshifted  by  -1 .4  nm,  a 
reasonable  estimate  for  filter  detuning,  then  "errors  ”  disappeared  By  using  this  analytic  technique  at  305  nm,  the  accuracy  in 
the  determination  of  R(K)  as  a  Junction  ofk  was  estimated  to  be  accurate  to  0.03  nm  to  yield  agreement  at  the  1%  level.  It  is 
beyond  the  scope  of  this  document  to  analyze  the  causes  of  these  differences,  but  it  should  be  pointed  out  that  causes  included 
atmospheric  gas  concentrations  used  in  Lowtran,  the  bandwidth  of  both  the  reference  and  observed  spectra,  and  geometric 
measurement  differences. 

Regression-  or  comparison-based  calibration  factors  are  only  as  good  as  the  instrument  against  which  they  are  compared.  When 
instruments  of  different  bandwidths  are  compared,  it  is  important  to  examine  the  residuals  of  the  regression  against  air  mass  to 
determine  if  there  would  be  a  bias  introduced  due  to  changes  in  ozone  or  other  atmospheric  gases.  Figure  5  examines  the 
residuals  from  a  comparison  of  the  GUV  data  against  three  different  wavelengths  measured  by  the  SUV- 100.  Analysis  suggests 
that  at  low  sun  angles  the  measured  spectra  were  experiencing  a  shift  toward  a  slightly  longer  wavelength. 


Table  1.  Contrast  of  calibration  methods  at  305  nm. 


Irradiance  Measure  Source 

pwatts/cmVnm 

Relative  to  SUV-100 

SUV-100  (scanning  spectroradiometer) 

6.034* 

GUV  with  lamp  based  calibration 

1.575 

-74% 

GUV  with  lamp  based/source  specific  cal. 

3.430 

-43%** 

GUV  Irradiance  based  on  regression  with  SUV-100 

6.029 

0.1% 

*  SUV-100  scan  on  8/2/93  scan  at  20:38 
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Figure  2.  Comparison  of  target  solar  spectrum  (referenced  to  left  axis),  calibration  lamp  spectral 
irradiance  (smooth  increasing  curve  referenced  to  right  axis),  and  instrument  response  in  the  UV-B  region. 
The  instrument  response  is  relative. 
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Figure  3.  Correlation  of  Scanning  Spectroradiometer  measured  irradiance  at  305  nm  with  the  305  nm 
GUV  channel  given  a  lamp-based  calibration.  Both  values  are  in  microwatts/cm^/nm.  The  regression 
equation  and  statistic  are  also  shown. 


Figure  4.  Comparison  of  Lowtran  reference  spectrum  and  SUV-lOO  measured  spectral  irradiance 
(microwatts/cm^/nm  )  whose  results  are  displayed  in  Table  1. 
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Figure  5.  Residuals  of  the  correlation  of  Scanning  Spectroradiometer  measured  irradiance  at  304,  305, 
and  306  nm  with  the  305  nm  channel  of  the  GUV  filter  radiometer.  This  is  displayed  against  solar  zenith 
angle  to  illustrate  the  impact  of  differing  air  mass  and  consequently  differing  ozone  absorption. 


5.  SOURCE-SPECIFIC  AND  INTERCOMPARISON-BASED  CALIBRATIONS  AT  380  NM 

In  a  fashion  similar  to  that  used  with  the  305  tun  channel,  an  analysis  was  conducted  at  380  nm.  Details  of  this  spectral  region 
are  shown  in  Figure  6.  The  intercomparison-based  calibration  regression  is  displayed  In  Figure  7,  and  the  residuals  are  displayed 
in  Figure  8.  In  this  case  the  source-specific  calibration  constant  worked  quite  well,  but  great  care  had  to  be  used  in  extracting 
the  wavelengths  at  380  nm,  a  region  where  measured  intensity  changed  by  more  than  10%  per  nm.  Table  2  summarizes  the 
results. 
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Figure  6.  Comparison  of  target  solar  spectrum,  calibration  lamp  spectral  irradiance,  and  instrument 
response  in  the  UV-A  and  blue  regions. 
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Figure  7.  130  daytime  observations  taken  at  San  Diego,  CA  between  7/23/93  20:41  and  8/1/93  19:09. 
Used  to  derive  the  intercomparison  or  regression-based  calibration  constant.  Regression  equation  and 
statistic  are  shown.  Solar  angles  ranged from  13. 6  to  89. 4°. 
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Figure  8.  Errors  in  the  irradiance  measurements  at  380  nm  when  using  the  lamp-based  calibration 
constant. 
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Table  2.  Contrast  of  calibration  methods  at  380  nm. 


Irradiance  Measure  Source 

Relative  to  SUV-100 

SUV-100  (scanning  spectroradiometer) 

GUV  with  lamp  based  calibration 

4% 

GUV  with  lamp  based/source  specific  cal. 

89.356 

1% 

GUV  Irradiance  based  on  regression  with  SUV-100 

87.851 

0% 

6.  UV  Instrument  Intercomparison  -  30Snm 


When  PUV/GUV  instruments  have  returned  to  Biospherical  Instruments  for  recalibration  they  have  been  run  in  parallel  with  the 
SUV-IOOA  high-resolution  system  for  purposes  of  intercomparison.  Table  3  shows  the  results  of  this  effort.  It  is  divided  into 
groups  according  to  the  filter  revision  used  in  the  303  nm  channel.  As  expected,  the  ratio  of  the  lamp-based  calibrations  to  the 
spectroradiometer  regression-based  calibrations  is  different  from  unity.  The  final  column  expresses  the  difference  of  individual 
instrument  in  a  group  to  the  average  of  the  group.  The  first  group  was  composed  of  instruments  using  the  earliest  design  filters 
employed,  and  shows  an  effective  wavelength  between  307  and  309  nm.  The  instrument  designs  were  subsequently  revised  to 
employ  a  new  filter  technology,  and  the  redesigned  filter  shows  a  statistical  matching  much  closer  to  305  nm.  This  is  evident  in 
the  second  and  third  groups.  Tlie  difference  of  the  significant  wavelengths  of  305  nm  and  304  nm  in  these  groups  corresponds 
to  the  individually  measured  filter  characteristics. 

There  are  significant  differences  between  instruments  compared  in  this  study.  The  results  shown  in  Table  3,  though  clustered 
into  groups,  still  show  differences  in  both  the  “significant”  wavelength,  and  in  the  ratio  of  the  lamp  to  intercomparison-based 
calibrations.  The  reason  for  this  difference  is  that  the  interference  filters  used  in  each  instrument,  although  within  specifications, 
are  in  fact  not  exactly  identical.  Figure  9  shows  the  solar  convolution  responses  for  two  instruments  representing  the  extremes  in 
filter  differences.  From  this  figure  it  is  apparent  that  to  improve  upon  the  ±10%  spread  in  the  ratios  between  lamp-  and  solar- 
based  calibrations,  it  is  necessary  to  conduct  an  intercomparison  such  as  described  here 

Table  3:  Comparison  of  lamp-based  calibration  with  solar-based  calibrations. 


!  Mode! 

SN 

Regress.  Ctr  WL 

LampfReg  Cal  Ratio 

In-Group  Contrast  \ 

1  Early  Production  and 

prototype  models  | 

mesmsmm 

9200 

309 

2.92 

-2.5% 

1  PUV510 

9201 

308 

2.97 

-0.8% 

9202 

308 

3.19 

6.6% 

1  PUV510 

9203 

307 

2.90 

-3.3% 

Revision  A  Instruments  •  1992  Filter  Batches 


PUV500 

9206 

305 

2.52 

-3.8% 

PUV510 

9207 

305 

2.77 

5.9% 

PUV510 

9209 

305 

2.79 

6.6% 

GUV511 

9210 

305 

2.73 

4.2% 

PUV510 

9216 

305 

2.57 

-2.0% 

GUV511 

9222 

305 

2.34 

-10.8% 

Revision  A  Instrument 

ts  - 1993  Filter  Batches 

9224 

304 

2.16 

-8.1% 

PUV510 

9225 

304 

2.54 

8.4% 

GUV511 

9226 

304 

2.44 

3.9% 

PUV500 

9227 

304 

2.45 

4.5% 

PUV510 

9228 

304 

2.14 

-8.7% 

SPIE  Vol.  2258  Ocean  Optics  XII  (1994)/ 661 


Wavelength 

Figure  9.  Convolution  of  the  spectral  response  of  two  afferent  GUV  radiometers  representing  extremes 
("A  "  and  "B")  of  filters  that  may  be  used  in  GUV  and  PUV  radiometers  now  being  produced.  Each  of 
these  is  convolved  with  two  different  solar  spectra,  one  at  10°  and  the  other  at  75°  solar  zenith  angles  (but 
with  closely  matching  ozone  concentrations). 


7.  CONCLUSIONS 

Calibration  of  radiometers  with  bandwidths  greater  than  1  nm  using  lamp  standards  can  yield  significant  errors  when  measuring 
solar  iiradiance,  particularly  in  the  UV.  The  use  of  a  source-specific  calibration  constant,  referenced  to  the  solar  spectrum,  may 
reduce  this  error,  but  the  procedure  requires  accurate  knowledge  (better  than  0.1  nm  in  the  wavelength  domain)  of  the  spectral 
response  of  the  radiometer.  A  further  limitation  is  that  the  Lowtran  spectrum  used  as  the  specific  source  may  not  agree  with 
spectra  measured  other  ways.  The  performance  of  the  source-specific  calibration  (referenced  to  Lowtran)  is  relatively  good  at 
380  nm,  but  relatively  poor  in  the  UV-B  where  there  are  considerable  differences  in  the  solar  spectrum  due  to  atmospheric 
constituents  (e.g.  ozone).  Finally,  in  highly  complex  parts  of  the  spectrum  the  reference  spectrum  may  deviate  considerably 
from  spectral  iiradiance  determined  using  a  scanning  spectroradiometer  due  to  bandwidth  differences. 

Hence,  accuracy  in  the  measurement  of  solar  global  spectral  Irradlance  with  narrow  bandwidth  spectroradiometers  is 
extremely  challenging  and  the  best  results  are  accurate  to  a  few  percent  Measurements  using  moderate  bandwidth 
radiometers  at  the  I  %  accuracy  level  will  remain  challenging  for  some  time  to  come.  Research  on  the  spectral  response  of 
such  moderate  bandwidth  radiometers  is  an  ongoing  internal  research  program  at  Biospherical  Instruments,  Inc. 
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abstrac:t 

An  ai:c:c:urate  knowledne  about  the  spatial  distribution  of  infrared  radiation 
near  the  sea  line,  is  very  important  as  the  backRround  when  designing  remote  sensing 

or  marine  trafic  surveillance  system  with  infrared  radiation  for  tlie  use  from  the 
shore  or  ships.  For  this  purpose,  the  distribution  of  infrared  radiation  from  the 

sky  and  the  sea  surface  near  the  sea  line  was  measured  ir  radiometer  and  ir  scanner. 
Further,  spatial  distribution  characteristics  of  infrared  radiation  were  studied  on 
meteorological  models.  As  a  result,  it  was  crofirmed  that  there  was  a  high  radiance 
zone  of  mid  infrared  region  (8  ~  13  pm)  near  the  sea  line.  This  was  also  confirmed 

by  a  simulation  that  was  ccynducted  at  the  same  time  using  meteorological  models.  It 

was  also  confirmed  that  in  the  middle  latitudes,  because  the  width  of  that  high 
radiance  zone  was  broadening  in  summer,  the  marine  traffic  surveillance  system  which 
used  the  mid-infrared  region  provided  poor  images  with  very  low  contrast  between 
islands,  ships  and  the  background  so  tlie  images  even  disappeared. 


1.  INTRODUCTION 

In  passive  infrared  detection  and  surveillance  systems,  all  the  background 
radiation  such  as  the  radiation  from  sky,  sea  surface,  ground  surface  other  than  the 
target  brings  about  the  lowering  of  the  S/N  ratio  of  the  systems  or  the  lowering  of 

contrast  in  output  images. 

In  the  case  of  considering  inirared  remote  sensing  or  marine  traffic  surveilance 
systems  toward  the  direction  of  sea,  generally  the  background  in  field  of  view  is  sky 

and  sea  surface  having  horizon  at  the  center.  This  report  is  the  summary  of  the  results 
of  observation  in  the  last  several  years  about  the  spatial  distribution  of  infrared 

radiaton  in  the  vicinity  of  the  horizon  like  this. 

In  middle  infrared  region  (8  ~  13  pm),  the  zone  of  high  radiance  exists  in  the 

vicinity  of  sea  line,  and  in  summer,  this  zone  of  high  radiance  extends  consequently, 
the  cotrast  of  islands,  ships  and  others  to  the  background  lowers  in  this  wavelength 
region,  and  it  was  confirmed  also  that  sometimes  their  discernment  became  impossible. 

Moreover,  as  to  the  zone  of  high  radiance  like  this,  it  was  supported  also  by  tlie 
simulation  using  a  weather  model'. 

Beside,  for  the  ovservation  of  infrared  radiation  distribution,  infrared  imager 

[(A)  for  8  ~  13  pm  band,  liquid  nitrogen-cooled  HgCdTe  sensor,  (B)  for  ^  \  band, 

electronically  cooled  HgCdTe  sensor,  angle  of  field  of  view  is  both  25"x25“  ]  and  a 

filter  type  inirared  spectro  radiometer  (interlerence  filter:  3.3  ~  4.7  pm,  7.6  ">  12.2 

pm,  detector:  pyroelectric  type)  were  used. 
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2.  INFRARED  RADIATION  DISTRIBUTION  IN  THE  VICINITY  OF  SEA  LINE 


In  FIr.  1,  a  part  ol  the  results  of  observation  is  shown.  Fig.  1(a)  shows  the 
example  in  winter,  and  Fir.  1(b)  shows  that  in  summer.  It  is  indicated  clearly  according 
to  the  images  in  middle  inlrared  region  and  the  distribution  of  radiance  at  left  end 
that  at  horizon,  the  radiaiu  e  bec  ame  the  maximum.  This  phenomenon  was  particularly 


(a)  winter 


(b)  summer 


Fig.  1  Spatial  distribution  ol  r.idiation  near  the  sea  line 

(Clear  sky,  8-  1  3  pm  band) 


conspicuous  in  8  ~  13  pm  band,  but  in  other  wavelength  region,  it  was  not  clear.  For 
comparison's  sake,  in  Fig.  3,  an  example  ol  the  results  of  measurement  by  using  a  filter 
type  radiometer  is  shown. 

According  to  the  result  ol  observation  obtained  so  far,  in  western  Japan,  namely  in 
the  sea  area  ol  medium  latitude,  it  was  conlirmed  that  there  are  summer  type  and  winter 
type  in  the  distribution  forms  of  radiation  in  the  vicinity  of  horizon.  The  feature  of 

the  radiance  distribution  in  the  vicinity  of  horizon  in  summer  was,  as  shown  in  Fig.  1, 

that  the  zone  of  high  radiance  just  above  horizon  was  very  wide  as  compared  with  that  in 
winter.  This  fact  means  that  the  lowering  of  the  ccintrast  of  the  object  of  detection 
near  normal  temperature  at  the  distance*  more  than  2  ^  3  km  to  the  baerkground  is 

remarkable,  or  it  vanishes  ccirnpletely.  Fig.  2  shows  its  one  example,  and  Tashima  and 
Yokoshima  (  both  in  the  middle  part  of  beto  Inland  bea)  at  the  distance  of  3  ~  10  km  on 
the  middle  left  side  of  the  picture  have  become  difficult  to  be  discerned  by  tite 
infrared  immages  in  summer  as  compared  with  in  winter. 

The  c:ause  of  the  lowering  of  contrast  or  vanishment  like  this  mainly  originated  in 
the  increase  of  the  sky  radiation  .it  low  c*levation  in  the  vicinity  of  horizon  (N.(Z)  in 

Equation  (1)  and  (2)  in  Chapter  3,  the  inir.ired  radiation  from  the  atmosphere).  In 
winter,  generally  atmospheric  tempc'r.iture  is  lower  th.in  water  temperature  and  ground 
temperature,  and  .ibsolute  humidity  is  low,  therelore,  it  is  cosidered  that  tite 
transmissivity  of  the  atmosphere  which  is  the  optical  path  becomes  high,  the  atmospheric 
radiation  increases  rapidly  in  the  narrow  range  which  is  very  close  to  horizon,  and  the 
extent  of  the  zone  of  high  radiance  also  becomes  narrow  to  less  than  l^llO  -  15  m  rad). 
To  the  contrary,  in  summer  generally  atmospheric  temperature  becomes  higher  than  water 
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(a)  Visible  imaRe  (beto  islnd  sea) 


(b)  IR  imaRe  (thermoRram,  Winter,  8-13  pm) 


(c)  IR  image  (Summer,  pm) 


FiR.  2  The  image  ol  islands  is  disappeared  in  summer 


Sea  surface  Sea  line  Sky 


Fig.  3  TIte  angular  depiendency  of  radiation  from  sea  surface  and  sky 
(Filter  type  radio  meter.  Summer,  8~I2  pm  band) 
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temperature  and  Rround  tetiipc'mture,  <»bsolute  humidity  intreases,  and  sky  radiance  is  to 
exc:eed  sea  surface  radiant  e.  Namely,  it  is  considered  that  as  this  zone  ol  liifih  radiance 
extends,  the  images  of  the  objects  ol  detection  vanish,  or  the  lowering  of  contrast  is 
brought  about.  The  width  of  the  zone  of  higit  radiance  m  summer  reached  3  -x  4  times  (3  - 
4°,  50  -  70  m  rad  )  as  wide  as  that  in  winter,  consequently,  also  island  were  to  have 
been  masked,  not  to  mention  ships. 

5.  INVIM  K.ATION  OF  RAfilATION  DISTRIBUTION 
BY  IISINti  MrTFOROL(X.ICAL  MODEL 

The  radiance  ol  the  b<i(:kground  N,.,.  in  the  vicinity  ol  Iwrizon  as  seen  from  the  low 
position  such  as  on  seashore  or  cMi  .i  ship  as  shown  in  Fig.  4  is  expressed  as  lollows  in 
the  range  below  horizcxi  (the  direc:tion  ol  sea  surlacre).^ 

Nb,(5)  =  N.(5) 

=  r.(d){£«(5).N,(T«.)+/Jw(^)-N,(Z)}+N.(^)  (1) 

where  r,  ;  transmissivity  of  the  atmosphere  between  sea  surface  and  radiometer, 

Sw  ;  emissivity  of  water  surface, 

Nb  :  radiance  c^f  black  body  equal  tc»  water  surlace  temperature  T., 

!  rellec  tivity  ol  water  surface, 

N,  ;  radiance  ol  sky, 

N,  :  radiance  ol  the  atmosphere  between  sea  surlace  and  radiometer, 

Zi=d)'  zpnith  angle 

Tw  '  water  surfac:e  temperature. 

Mc^reover,  in  the  range  above  horizon  (the  direc.tion  of  sky  ),  since  there  is  sky 
radiation  itself,  Ni,  „  becomc's 

Nb.(^)  =  N,(Z)  (2) 

Fig.  5(a)  and  (b)  show  the  results  of  calculation  determined  by  substituting  the  weather 
conditions  in  Table  1  into  the  above  two  equations,  and  when  these  distribution  curves 
were  compared  with  the  results  of  observation  in  rig.  1,  both  agreed  qualitatively. 

In  this  case,  the  lac  tor  that  exerts  largely  the  influence  to  the  lowering  of 
contrast  and  the  vanishment  is  the  distribution  lorm  of  sky  radiation  (atmospheric- 
radiation)  Nr(z),  and  in  winter,  it  is 

N,(z)  %Nb(T,)  { 1  -exp(  -  a.  sec‘^*Z) }  (3) 

but  in  summer,  atmospheric  tempierature  bec;omes  higlier  than  water  temperature,  and 
humidity  increases,  accordingly,  the  second  term  in  the  above  equation  b^omes  nearly 
exp  ( —  a,  sec*^®  Z).  In  Fig.  G,  the  zenith  angle  dependence  ol  sky  radiation  is  shown. 

Besides,  it  is  considered  that  the  dilference  in  the  distribution  forms  of  the 
mesured  values  (Fig.  1)  and  the  calculated  values  (Fig.  5)  in  the  range  of  scannimg 
angle  of  80  90"  (the  part  just  before  horizon)  is  due  to  the  assumption  of  the  sea 

surface  with  wind  and  waves  as  the  mirror  surlace  of  reflectivity  «  1. 


4.  VARIOUS  CHARACTFRISTICS  OF  THE  ZONE  OF  HIGH  RADIANCE 

Based  on  the  data  ol  the  observation  carried  out  several  times  so  far, 
investigation  was  perlormed  Irom  various  angle  ext  the  mec:hanism  of  the  occurrence  of  the 
zone  of  high  radiance.  The  results  are  summarised  as  follows. 
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Fig.  4  The  relation  between  incident  radiation  and  radiometer 


Table  1  Meteorological  model 


Summer 

Sra  surface  teiip.  f'X) 

8.0 

24.5 

Air  temp.  I  "Cl 

6.5 

26.0' 

Relative  humidity  ( %  ) 

64.0 

58.0 

feather 

Fine 

Fine 

(1)  The  zone  of  high  radiance  is  the  phenomenon  peculiar  to  low  positions,  and  with  the 

increase  of  altitude,  the  peak  of  radiation  became  small.  As  its  cause,  whereas  the 

reflection  component  of  sky  radiation  at  low  elevation  is  dominant  at  low 
positions,  in  the  case  of  high  altitude,  it  is  considered  because  it  depe«Kls 

largely  on  the  atmospheric  radiation  at  relatively  low  temperature  between 

sea  surface  and  the  points  of  observation. 

(2)  In  summer,  the  zone  of  high  fadiance  in  the  vicinity  of  horizon  extended,  and  its 

width  reached  3  4  times  as  wide  as  that  in  winter  (seasonal  change). 

(3)  THe  zone  of  high  radiance  in  the  vicinity  of  horizon  is  the  phenomenon 

peculiar  to  the  wavelength  region  of  8  13  pm. 

(4)  In  the  distribution  forms  of  the  zone  of  high  radiance  in  the  vicinity  of  hrizon  in 
summer,  there  was  some  difference  according  to  sea  areas,  but  all  were  the 
distribution  form  of  summer  type  with  wide  width. 

(5)  In  the  p>eriod  when  atmospheric  temperature  and  water  temperature  became  equal, 

sometimes  thezone  of  high  radiance  vanished.  (It  is  presumed  as  late  spring  and 

early  autumn  in  the  sea  areas  at  medium  latitude.) 
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(a)  Winter 


Scanning  angle*  ^ 

(b)  Surntner 

Fig.  5  Tlie  results  of  calculation  determined  by  substituting 
the  meteorological  models 
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Zenith  angle  z  (deg) 

The  zenith  angle  dependency  ot  clear  skyradiation 
(S'*  12  pm  bandl 


5.  CONCLUSION 

Sea  surface  radiation  changes  largely  according  to  the  positions  of  observation.  In 
the  case  of  looking  down  from  sky,  the  radiance  was  nearly  constant  in  the  range  of  45^ 
from  vertically  downward,  but  in  more  than  45",  the  reflectivity  became  high,  and  the 
effect  of  sky  radiation  became  large.  In  the  case  of  the  points  of  observation  being  low 
positions,  horizon  (the  angle  of  reflection  90" )  becomes  the  center  of  visual  field, 
therefore,  the  value  becomes  close  to  I,  and  in  the  vicinity  of  horizon,  the  zone  of 
high  radiance  was  formed  due  to  the  sky  radiation  close  to  black  body  radiation  level 
(=  atmospheric  radiation).  The  distribution  form  in  vertical  direction  of  this  zone  of 
high  radiance  was  narrow  width  and  pointed  in  winter,  and  trapezoid  of  wide  width  in 
summer.  In  summer,  due  to  this  zone  of  high  radiance  peculiar  to  mid  infrared  region,  it 
is  not  rare  that  the  distant  view  at  more  tlian  2  -*  3  km  is  completly  concealed.  It  was 
pointed  out  that  this  peculiar  atmospheric  effect  becomes  the  large  hindrance  to  the 
infrared  detection  and  surveilance  systems  for  sea  surface. 
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ABSTRACT 

Simultaneous  studies  of  dissolved  organic  matter  and  chlorophyll  "a"  fluorescence  intensity 
horizontal  distributions  were  carried  out  by  the  method  of  a  remote>acting  laser  fluorometry  in  the 
eastern  part  of  the  Black  Sea.  InvesbgaiioKa  of  upweiling  mdiation  q)ectra  from  the  subsurfKe  layer 
of  a  sea  water  in  a  passive  mode  were  carried  out  also.  A  conqmter  program  for  grs^hic 
representation  of  the  data  statistical  processing  results  was  created.  Correlation  functions  of  the 
distributions  were  studied.Some  results  of  experimental  data  processing  are  rqnesented  as  isolines  at 
electronic  maps  of  sea  areas  under  consideration.  The  existence  of  q>atial  nonuniformities  with  a 
different  scale  in  the  fluorescence  fields  was  found  to  take  pIace.Multipurpose  applications  of  the 
multi-charuiel  analyzer  of  spectra  are  discussed. 

1  INTRODUCTION 

Some  results  of  data  processing  of  experimental  investigations  carried  out  in  1989-1993  in  the 
Black  Sea  are  presented  in  this  paper.  Besides  we  present  here  some  results  of  our  early  studies, 
which  were  taken  with  water  samples  at  a  laboratory  setup  in  1986,  to  conqrare  with  last  works.  Data 
as  regards  1989-1991  were  collected  by  a  three-charmel  remote-acting  laser  qrectrometer  and  data 
as  for  1993  were  acquired  from  a  multi-chatmel  fiuorometric  lidar.  As  a  wbole,  our  investigations 
were  devoted  to  study  spatial  inhomogeneities  in  the  horizontal  distributions  of  water  fluorescent 
constituents  such  as  dissolved  organic  matter  (DOM)  and  chlorophyll  "a”  of  phytq>lanktoa  The  field 
sea  studies  of  DOM  and  phytqrlankton  chlorophyll  "a"  fluorescence  were  carried  out  by  a  remote 
sensing  technique  aboard  research  ship  (RS),  specially  designed  and  equiped  for  Itydrological 
investigating,  in  coastal  waters  off  the  Crimea  and  the  Caucasus. 

2.EXPERIMENTAL  SETUP 

In  our  experiments  measurements  were  produced  through  a  trunk  designed  in  the  hull  of  RS  to 
except  surface  wind  waves  and  qrecular  sun-glints  influence  and  also  to  decrease  to  a  considerable 
extent  influence  of  ship's  rolling  and  pitching  oscillations  as  the  trunk  was  almost  in  the  central  part 
of  the  ship  near  its  axial  line.  The  trunk  was  situated  in  a  laboratory  compartment  and  presented 
itself  a  hole  through  the  hull  of  the  ship,  having  a  square  cross  section  Imxlm,  a  distance  apart  the 
tq)  of  the  trunk  and  the  sea  surfrice  being  about  3.S  m. 

At  the  three-channel  laser  qrectrometer  measurements  were  accomplished  in  one  of  two  modes: 
either  in  the  mode  of  time  series,  when  DOM  and  chlorophyll  "a”  fluorescence  intensity 
dependences  vs  time  were  recorded  simultaneously  (so  named  "time  selectitm"  mode),  oi  in  the 

of  wavelength  scaruiing,  when  qrectra  of  taxation  were  recorded  Ity  turning  of  a  diffraction 

grating  (so  named  "qrectral  surv^"  mode). 

At  the  multicharmel  fluoromqric  lidar  an  integral  qrectrum  of  radiation  was  recorded  tty 
accumulating  signals  simultaneously  in  256  charmels.  Next  spectra  processing  gives  an  opportunity 
to  derive  dependences  of  radiation  intensities  vs  time  in  each  of  256  qrectral  charmels  with  time 
averaging  1  up  128  sec,  that  corresponds  to  number  of  storage  cycles  1  up  128  (at  1-Hz  repetition 
rate).  An  excitation  of  a  secondary  radiation  was  induced  Ity  a  pulsed  frequency-doifoled  Nd:YAG- 
laser  with  output  at  532  nm  at  both  installations. It  should  be  noted,  that  in  the  multicharmel 
equipment  the  collinear,  i.e.  wholly  coincident,  arrangement  of  the  receiver  and  the  laser  optical  paths 
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was  employed,  and  also  a  small-sized  polychromator  having  a  considerable  light-gra^,  was  applied. 
The  employment  of  this  design  gave  an  opportunity  to  diminish  losses  at  recording  useful  signals.  The 
polychromator  designed  and  produced  in  State  Optical  Institute  presents  itself  a  spectrograph  with  a 
plane  field  ( of  the  exit  window),  the  relative  aperture  1:3,  the  wavelength  range  from  380  to  800  run. 
The  main  unit  of  the  polychromator  is  a  concave  unclassic  difiraction  grating  (N  =  450  nun**  ) 
having  a  radius  of  curvature  100  mm.  The  plane  of  exit  window  of  the  polychromator  is  made  to 
coincide  with  the  plane  of  entrance  (cathode)  fiber  plate  (  FP  )  of  an  image-intensifier  tube,  aitd  the 
plane  of  its  exit  ^  (at  the  side  of  a  luminescent  screen)  is  made  to  coincide  with  the  plane  of 
entrance  window  of  a  linear  charge-coupled  device  (  CCD  )  having  1024  elements,  but  each  four 
sequential  elements  are  coupled  together  an  electronic  way,  therefore  at  recording  photosignals 
there  were  256  spectral  channels  with  the  wavelength  width  less  1  run.  In  the  rest  this  installation 
seems  to  be  similar  to  that  described  in  the  paper  of  D.  K.  Bunin  et  al.'  The  first  remote-acting 
apparatus  from  those  mentioned  above  presented  itself  a  program-controlled  complex  with  a  laser 
excitation  of  fluorescence  and  a  three-charuiel  receiving  system.  The  excitation  was  produced  bv  a 
pulsed  YAG;Nd  -  laser  at  532-nm  wavelength  and  10-Hz  repetition  rate.  The  duration  of  pulses  was 
approximately  equal  15  ns,  the  pulse  energy  was  about  300  kW.  The  large  turning  mirror  was 
employed  to  ^rect  the  laser  beam  towards  the  sea  surface  at  the  angle  about  P  off  nadir.  Secondary 
radiation  intensities  were  recorded  by  three  photomultipliers  (PMTs)  simultaneously  in  three 
wavelength  regions,  corresponding  to  maxima  of  DOM  fluorescence  intensity  (  560  nm  ), 
phytoplankton  chlorophyll  "a"  fluorescence  intensity  (  685  nm  )  and  water  Raman  scattering  (651 
nm  ).  In  our  investigations  we  employed  the  water  Raman  scattering  calibration  (so  named  "method 
of  internal  bench  mark"  )^  .  It  was  used  to  compare  studies  results  carried  out  by  us  during  some 
years  and  by  other  authors  also.  Integrated  signals  of  fluorescence  intensity  from  an  upper  layer  of 
the  sea  (from  the  surface  to  the  maximum  depth  of  a  remote-sensing  operation)  were  recorded  Ity  the 
receiving  system.  Measurements  were  realized  adrift  and  on  the  move  (with  the  average  velocity  6 
kitots).  The  duration  of  one  record  was  5  minutes,  that  accorded  300  points  of  measurements  at  10- 
Hz  laser  pulses  repetition  rate  and  the  averaging  among  10  pulses).  A  computer  program  was  created 
to  process  data  massives,  characterizing  DOM  and  chlorophyll  "a"  fluorescence  intensities  (and 
represented  as  time  series  with  constant  discreteness).  This  computer  program  produced  a  calculation 
and  graphic  representation  of  statistical  characteristics  of  initial  realization  simultaneously  for 
series  of  experimental  records  ("time  selections"),  corresponding  a  time  interval  near  1  hour.  Results 
of  data  processing  were  represented  as  graphics  of  averages  and  di^rsions  of  DOM  and 
chlorophyll  "a"  fluorescence  intensities  (for  different  scales)  and  also  autocorrelation  functions, 
spectral  density  and  cross-correlation  functions  for  DOM  and  chlorophyll  "a"  distributions.  Mapping 
DOM  and  chlorophyll  "a"  fluorescence  fields  was  carried  out  for  the  limited  area  of  studies  (10x10 
miles).  Wavelength  studies  of  backscatter  signals  were  carried  out  along  with  the  time  studies.  A 
spectra  record  was  realized  by  diffraction  grating  scaiuiing.  The  data  received  for  DOM  fluorescence 
band  were  in  a  consent  with  values  of  the  fluorescent  parameter  O,  calculated  ^  for  the  surface 
layer,  that  confirms  a  high  stability  of  wavelength  characteristics  of  DOM  fluorescence  in  the  area 
under  consideration.  All  cycles  of  studies  were  accompanied  tty  measurements  of  hydrology 
parameters. 


3.DIRECTlVrrY  AND  PROBLEMS  OF  SEA  FIELD  STUDIES 

At  carring  out  sea  field  studies  a  principal  attention  was  given  to  searching  for  nonuniformities 
over  the  microscale  (10°  -  10>  m)  and  near  nieso-scaie  (10’  -  10^  m;  ranges  in  distributions  of  DOM 
and  phytoplankton  chlorophyll  "a"  fluorescence  fields,  that  represented  an  interest  both  for  ecologic 
problems  (in  particularly,  to  detect  the  source  of  pollutions  of  sea  and  other  basins)  and  more 
thorough  understanding  of  sea  organisms  species  fui^oning  (feeding  on  plankton)  with  the  aim  of 
increasing  fishery  efficienity.  It  is  known,  that  in  the  open  ocean  mass  abundances  of  algae  and  sea 
organisms  are  often  occur^  nearly  temperature  fronts  or  frontal  interfaces.  (Xer  and  above,  it  is 
found  to  be  an  occurence  of  front  s  connected  with  vortical  motions  of  waters  or  diverse 
disturbances  of  fields  of  hydrophysical  characteristics,  including  on  those  in  meso-scale  range  (10’ 
-  10’ m).  However,  inhomogeneities  in  micro-scale  range  of  phytoplankton  and  DOM  distributions 
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near  similar  disturbances  have  been  studied  far  worse  as  yet.  Our  early  investigations  earned  out 
at  a  laboratory  setup  with  water  samples  ( gathered  a  bathometer )  in  April,  1986  demonstrated  a 
presence  of  considerable  inhomogeneities  in  horizontal  and  vertical  distributions  of  DOM 
fluorescence  field  near  the  estuary  of  river  Bzyb  in  the  south-eastern  part  of  the  Black  Sea  (Fig.  1). 
This  work  was  devoted,in  particularly,  to  stu^  river  flows  and  coastal  currents  influence  on  forming 
horizontal  distributions  of  phytoplan^on  and  DOM  in  coastal  areas  of  the  Black  Sea. 

4.FACTORS.  INFLUENCING  ON  FORMING 
DOM  AND  PHYTOPLANKTON  DISTRffiUTlONS 


Forming  DOM  and  phytqilankton  natural  distributions  results  from  joint  effect  of  many  factors, 
the  main  ones  of  which  are  irradiance,  availability  of  nutrient  medium  (in  a  general  significance), 
temperature  etc.  Besides,  forming  and  variability  of  natural  distributions  are  influenced  on  currents, 
convectional  motions  of  waters,  wind  actions,  "activity"  of  objects  to  be  dealt  with  (i.e.their  ability  to 
oppose  against  variation  of  external  conditions),  et  al.  As  the  result  of  integral  influence  of  these 
factors  (in  particularly,  uppwelling  due  to  convection)  relocations  of  phytoplankton  and  DOM  can 
be  the  case  in  the  sea  surface  layer  In  the  sea  area  in  question  (near  cape  Pitzunda)  DOM  and 
phytoplankton  distributions  are  formed  by  a  combined  effect  of  some  key  factors.  In  particularly, 
river  Bzyb  influences  considerably  on  a  character  of  these  distributions,  as  its  cold  waters  along 
with  sea  waters  make  layeringous  structure  in  the  surface  layer  (with  exchangable  l^ers  of  warm  sea 
and  cold  river  waters).  Influence  of  river  B^  was  measurable  at  a  distance  iqi  to  IS  -  20  miles  from 
estuary  offshore.  Another  important  factor  is  a  great  surface  current  along  coastline,  direction  of 
which  is  changed  during  a  day. 

The  vertical  distributions  of  hydrology  parameters  T,  S,  P  have  a  strictly  expressed  stratification. 
In  summer  and  in  the  beginning  of  autumn  a  season  thermocline  is  on  dq>th  IS  •  30  m,  an  upper 
layer  is  quasihomogenious,  well-exchangable  (in  steady-state  zones),  a  lower  layer  has  temperature 
atout  T  C.  To  the  end  of  autumn  the  layer  depth  (of  thermocline)  increases  to  3S  -  40  m  and  its 
slowly  continuous  "smearing"  along  depth  takes  place. 

On  the  whole,  one  can  say,  that  (in  conjunction  with  irradiance  and  biogenous  elements,  to 
influence  on  the  pattern  of  the  distributions)  in  the  region  to  be  studied  DOM  and  chlorophyll 
fluorescence  fields  distributions  are  formed  also  as  the  result  of  interaction  of  some  additiorial 
factors  (cunents,  river  cold  waters  aiming-off,  internal  waves,  et  al.)  leading,  in  particularly,  to 
convectional  motions,  which,  in  turn,  can  give  rise  to  relocations  of  phyt(q>lankton  and  DOM  in  the 
sea  surface  layer.  It  should  be  remarked,  that  at  carring  out  point-detection  measurements  it  was 
experimentally  found  a  layeringous  structure  (along  a  vertical)  having  a  speckled  pattern  of 
horizontal  distributions.  They  had  a  quasi-symmetric  structure  (along  a  horizontal)  with  axis, 
direction  of  which  had  a  slight  displacement  (on  current  velocity  field)  in  relation  to  aiming-off 
direction  of  the  "ver  Bzyb  waters. 

5.RESULTS  OF  EXPEPJMENTAL  STUDIES 


The  results  of  data  processing  of  experimental  studies  are  represented  in  Figures.  These  data  were 
collected  when  the  vessel  moved  along  intended  route,  the  spatial  resolution  being  about  30  m 
(averaging  among  100  laser  pulses).  There  are  plots  of  DOM  (chatmel  1)  and  chlorophyll  "a" 
(charmel  2)  fluorescence  intensity  vs  time  in  Fig.  2. 

These  dependences  have  a  quasi-periodic  pattern  with  periods  about  30  and  SO  sec.,that 
corresponds  to  distatKes  about  90  and  ISO  m  along  the  route  of  the  move  of  the  vessel,  variations  of 
signals  being  20%  for  DOM  and  S%  for  chlorophyll  respectively.  This  periodicity  seems  to  result 
from  the  internal  waves  influence  on  horizontal  distributions  of  DOM  and  phytopla^on. 

A  complicated  pattern  of  the  time  dependences  of  fluorescence  sig^s  ^  related  with  that 
hardships  of  an  identical  interpretation  of  experimental  data  stimulated  a  search  for  sonte  derived 
parameters  of  fluorescent  fields,  which  could  be  used  to  characterize  inhomogeneities  of  those  and 
could  be  compared  in  an  order  of  the  value  both  for  DOM  and  chlorophyll  "a".  As  a  such  parameter  of 
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fluorescent  field  we  selected  a  ratio  of  the  dispersion  to  the  average  of  fluorescence  intensity.  A  value 
of  this  parameter  was  found  to  be  in  the  order  of  a  value  of  the  fluorescent  parameter  O, . 

In  Fig.  3  the  values  of  this  parameter  D/M  are  plotted  vs  time  for  channels  of  DOM  and 
chlorophyll  "a”  based  on  experiment^  data  of  fluorescense  intensity,  represented  in  Fig.  2.  We  notice 
here,  that  a  pattern  of  variations  of  the  parameter  D/M  distinguishes  from  that  of  time  series  of 
fluorescence  intensity.  Such  as,  maximum  of  fluorescence  field  inhomogeneity,  being  characterized  by 
maximum  of  parameter  D/M,  is  related  to  PROF38  (t  =  15.27)  both  for  DOM  and  for  chlorophyll  "a", 
whereas  maximum  of  DOM  fluorescence  intensity  is  remarked  for  PROF19  (t=ll.S8),  and  maximum 
of  chlorophyll  "a"  fluorescence  intensity  -  for  PROF16  (t  =  11.30).  As  distinct  from  that  it  is  found  to 
be  almost  a  complete  analogy  between  pattern  of  changing  of  integral  (when  averaging  among  3000 
laser  pulses)  values  of  "inhomogeneity"  parameter  D/M  for  DOM  and  chlorophyll  "a",  with,  may  be,  a 
slight  time  lag  of  the  beginning  of  parameter  D/M  variation  for  chlorophyll  as  compared  with  that  for 
DOM. 

Figs  4  and  5  are  illustrated  results  of  experimental  data  processing  collected  in  coastal  zone  the 
last  of  September,  1991.  There  are  shown  isolines  of  DOM  and  chlorophyll  "a"  phytoplankton 
fluorescence  intensity  in  Fig.  4.  Isolines  of  parameter  D/M  are  adduced  in  Fig.  S  for  the  same  cycle  of 
measurements. 

In  Figs  la,  lb,  Ic  isolines  of  fluorescent  parameter  F  for  DOM  are  showed,  that  represent  the 
results  of  experimental  data  processing,  acquired  in  ^ril,  1986  near  the  same  area.  They  result  fi^om 
20  marine  stations  data  processing.  There  are  plots  for  horizontal  distributions  of  DOM  at  three 
depths  5,  10  and  20  m  respectively  here.  They  are  apparently  demonstrated  an  influence  of  a  river 
flow  on  forming  spatial  distributions  of  DOM  (in  particularly,  it  is  noticed  wliat  there  is  a  quasi¬ 
symmetry  of  distributions  as  relative  to  the  direction  of  the  river  flc  v  if  it  is  took  in  account  the  offset 
due  to  an  effect  of  considerable  sea  coastal  currents. 

Our  last  cycle  of  works  was  carried  out  at  the  sea  area  not  far  from  Feodosia  gulf  in  October,1993. 
There  upwelling  radiation  spectra  were  acquired  in  a  passive  operating  mode  of  the  fluorometric  lidar 
complex.  The  lidar  receiver  permitted  to  record  radiation  spec^  over  the  wavelength  range  j&om  490 
to  710  nm  with  a  spectral  resolution  about  1  nm.  In  these  measurements  a  width  of  entrance  slit  of  the 
polycromator  was  0.25  mm,  that  conesponded  a  wavelength  resolution  4-5  nm.  Upwelling  radiation 
spectra  were  aquired  in  day  and  in  evening.  Representative  spectra  presented  themselves  wide  bands 
with  two  maximums  (at  504  and  533  nm)  and  a  slight  trough  between  them  ("twohump-shaped"  band) 
having  a  long-wavelength  limit  near  600  nm.  In  evening  (just  after  sunset)  "red-wavelength"  limit 
tended  to  displacement  towards  more  short  wavelengthes  up  to  5-6  nm,  and  in  the  rest  a  shape  of  the 
band  was  quite  similar  that  as  it  was  in  day. 


6.CONCLUS10NS 


1.  In  region  of  the  Black  sea  in  question  DOM  and  chlorophyll  "a"  phytoplankton  fluorescence 
fields  have  dynamic  character. 

2.  Principal  factors,  influencing  on  forming  DOM  and  phytoplankton  distributions,  are  current 
along  coastline,  that  changes  its  direction  during  a  day,  and  aiming-offs  of  river  Bzyb,  resulting  in 
convectional  motions  of  sea  waters  in  a  zone  of  mixing  (intensive  water-exchange)  with  river  waters. 

3.  For  characterizing  a  degree  of  the  inhomogeneity  of  fluorescence  fields  (micro-  and  meso-scale 
ranges)  in  zones  with  complicated  hydrologic  situation  parameter  D/M  (ratio  of  dispersion  to  average 
of  fluorescence  intensity)  is  suggested  to  use. 
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ABSTRACT 

The  problems  of  sea  ecological  monitoring  are  discussed.  It's  established  that  identical  operative  estimations  of  situa¬ 
tion  in  coastal  regions  can  be  made  with  the  aid  of  in  situ  measuring  of  total  (integral)  ecological  parameters.  The  ex¬ 
amples  of  such  estimations  are  given.  Peculiarities  of  remote  sensing  applications  in  colored  and  turbid  waters  are  exam¬ 
ined. 


2.  INTRODUCTION 

Ecological  monitoring  of  humic  loaded  waters  can  be  carried  out  in  two  stages.'  The  first  in  situ  (operative)  stage  in¬ 
cludes: 

•  the  operative  estimation  of  the  general  ecological  situation, 

•  the  discovery  of  humic  anomalies  and  the  study  their  dynamics, 

•  the  determination  of  integral  ecological  parameters  (lEP). 

Usually,  on  this  stage  remote  and  contact  sensors  from  quick  carriers  are  used. 

The  second  (sanitary)  stage  includes: 

•  the  identification  of  pollutions  in  discovered  anomalies. 

•  the  determination  of  specific  pollution  contents.  Traditionally,  on  this  stage  the  analytical  laboratory  techniques  are 
used  to  investigate  water  samples. 

Described  two-stages  ecological  monitoring  makes  it  possible  to  cut  down  time  measuring  and  expenditures. 

3.  METHODS 

The  advantages  of  multispectral  optical  sensors  compared  with  any  other  integral  ecological  ones  are  in  possibilit>'  of 
the  adaptation  for  specific  pollutions.  The  modem  laboratory  analytical  technique  provides  measuring  all  of  water  ingre¬ 
dients  and  admixtures.  But  in  situ  one  has  occasion  to  use  lEP  of  water,  for  example: 

•  temperature, 

•  electroconductivity, 

•  pH, 

•  dissolved  oxygen  concentration, 

•  Secchi  disc  visibility, 

•  color  index,  spectral  transparency, 

•  fluorescence  of  phytoplanidon  pigments  (PPP)  and  dissolved  organic  materials  (DOM)  and  others. 

It  should  be  mentioned  that  integral  parameters  of  water  quality  are  defined  by  combined  influence  of  all  ecological 
components  of  environment  (contents  of  PPP,  DOM,  total  suspended  material  (TSM)  etc  ).  For  example,  the  content  of 
PPP  characterizes  the  total  level  of  humic  loading.  The  gradients  of  temperature,  contents  of  dissolved  oxygen.  DOM. 
TSM  indicate  humic  anomalies.' 

The  ecological  study  of  colored  and  tuibid  coastal  waters  has  some  peculiarities.  The  stmeture  of  optical  fields  in  up¬ 
per  levels  of  such  waters  are  defined  by  joint  influence  of  some  ecologii^  components.  The  use  of  remote  sensing  data  to 
estimate  PPP  concentration,  as  well  as  water  transparency  ^  in  shallow  estuaries  is  not  sufficiently  correct.’  For  example, 
average  depths  in  the  east  parts  of  the  Gulf  of  Finland  are  congruent  with  Secchi  disc  visibility  and  the  problem  of  bottom 
reflections  is  arisen. 
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4.  RESULTS 


During  last  years  our  multispectral  optical  ship  equipment  (ECOTEST)  has  been  used  for  calibrations  of  remote  sen¬ 
sors  and  operative  ecological  control  of  colored  and  turbid  coastal  waters  in  the  Mediterranean  Sea,  the  Black  Sea  and  the 
Baltic  Sea.  ECOTEST  consists  of 

.  in  water  spectroradiometers, 

•  spectrotransmissometer, 

•  fluorometer, 

•  STD  -  probe.^  The  technical  characteristics  correspond  to  SeaWiFS  standards  . 

Electronic  maps  of  temperature  and  spectral  optical  density  of  the  coastal  region  with  gutters  of  industrial  object  (1), 
river  (2)  and  town  water-cleaning  systems  (3)  are  shown  in  Fig.  1-4.*  There  are  the  definite  gradients  of  optical  density  in 
UV-spectral  region  near  sites  (1),  (2)  and  (3)  (Fig.2).  The  main  sources  of  light  attenuation  in  this  spectral  region  are 
DOM  and  TSM.  In  the  blue  spectral  region  the  summary  picture  of  optical  density  is  determinated  by  PPP,  DOM  and 
TSM  (Fig.  3).  Contributions  of  DOM  and  TSM  influence  on  the  total  optical  density  at  560  nm  etc.  The  reconstruction  of 
specific  concentrations  of  EKDM,  PPP  and  TSM  is  carried  out  with  simple  algorithms  from  in  situ  multispectral  pho¬ 
tometry.  For  example,  spectral  absorption  coefficients  a  (X.)  can  be  expressed  by  the  ^)proximate  formulas  *: 

a  DOM (360) «  [c  (360)  -  c  w(360)]  -  [c  (712)  -  c  w(712)l  (712/360) "  (1) 

a  dom(450)  +  a  ppp  (450) «  {c  (450)  -  c*  (450)]  -[c  (712)  -  Cw  (712)](  712/450  )"  etc.  (2) 

where 

c  (360),  c  (450),  c  (712)  -  are  the  total  beam  attenuation  a>efficients; 

Cw  (360),  Cw  (450)  and  Cw  (712)  -  are  contributions  of  pure  water; 

n  is  0,7  -i-1,0  for  different  sea  regions.*  Results  for  the  same  region  after  the  storm  are  shown  in  Fig.4.  Redistributions 
of  optical  density  are  caused  by  the  intensive  water-exchange.  The  reconstruction  of  some  lEP  contents  can  be  realized 
with  the  help  of  specific  spectral  absorption  coefficients  a  c(X ): 

a(2.)  =  ac(2.)C  (3) 

where  C  is  concentration  of  the  component  ( PPP,  DOM  or  TSM). 

The  accuracy  of  such  reconstruction  is  about  25-30%. 

5.  CONCLUSIONS 

Considered  application  of  multispectral  ship  equipment  makes  it  possible  to  detect  humic  anomalies  almost  in  the  real 
time  regime  and  to  investigate  their  dynamics.  Ecological  situations  in  humic  loaded  regions  can  be  described  Ity  integral 
ecological  parameters  of  water  quality. 
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ABSTRACT 

A  model  for  prediction  of  visibility  in  nearshore  waters  must  estimate  inherent  optical  properties  directly  from  spatially  and 
temporally  varying  concentrations  of  optically  important  organic  and  inorganic  materials.  Models  which  describe  these 
concentrations  utilize  both  theoretical  and  empirical  relationships.  The  estimation  of  coastal  underwater  visibility  is  based  on 
Mie  scattering  calculations  combined  with  laboratory  measurements  to  obtain  a  set  of  calibration  constants  used  to  calculate 
the  inherent  optical  properties  from  concentrations  of  generic  water  column  constituents.  These  constituents  are  presently 
limited  to  sediments,  phytoplankton  and  colored  dissolved  organic  materials. 

Number  concentrations  of  cells  and  sediment  particles,  normally  provided  by  water  constituent  source  models,  were  measured 
in  the  laboratory.  These  measurements  were  taken  over  a  range  of  sediment  and  phytoplankton  concentrations.  Modeled 
scattering  and  absorption  estimates  are  compared  with  laboratory  data  and  data  from  one  coastal  station. 

The  optical  modeling  procedures  provide  acceptable  estimates  over  the  range  of  available  data,  but  begin  to  deviate  as  the 
proportion  of  large  particles  increases  in  very  turbid  waters.  These  results  indicate  that  useful  predictions  of  episodic  coastal 
visibility  variations  are  feasible.  However,  comfuehensive  model  validation,  testing  and  calibration  over  the  full  range  of 
coastal  particle  distributions  is  required. 

1.  INTRODUCTION 

Coastal  water  clarity  modeling  has  the  objective  of  predicting  the  inherent  underwater  optical 
properties  required  for  interpreting  the  performance  of  optical  systems  in  the  complicated  shallow  coastal 
region.  It  is  not  expected  that  predictions  for  these  high  sediment  (Morel  "case  II",  1977)  coastal  regions 
wUl  be  as  accurate  as  those  acluevable  for  extensively  studied  open  ocean  waters  (case  I).  The  initial  goal 
of  the  Predictive  Visibility  Model  (PVM)  is  the  prediction  of  relative  and  episodic  changes  in  the  optical 
environment.  Improvements  in  absolute  accuracy  will  be  sought  only  after  feasibility  has  been  established 
and  the  dominant  driving  mechanisms  identified.  The  computer  architecture  for  the  PVM  is  sub-divided 
into  modules  related  to:  1)  the  sources  of  water  column  constituents  critically  affecting  optical  propagation; 
2)  the  mixing  and  advection  of  these  constituent  concentrations  in  the  dynamic  coastal  environment;  and  3) 
the  optical  scattering  and  absorption  which  converts  these  concentrations  into  the  required  properties. 

The  sources  of  optical  variability  are  presently  limited  to  sediments,  biology,  and  colored  dissolved 
organic  materials  (CDOM).  Others  may  be  added  in  a  specific  location  if  they  are  determined  to  be 
signiHcant.  The  source  modules  numerically  estimate  the  concentration  of  these  constituents  based  on 
geospecific  bathymetry/topography  and  water  characteristics,  quasi-empirical  inputs  from  contemporary 
remote-sensing  data  and  weather  forecasts.  These  estimations  are  made  through  a  sequence  of  time  steps 
on  the  order  of  fractions  of  the  tidal  cycle  (2  hrs).  The  hydrodynamic  mixing  and  advection  module 
estimates  the  spatial  distributions  on  a  nominal  100  meter  grid.  The  optical  scattering  and  absorption 
module  digests  these  inputs  to  estimate  spatially  and  tempor^ly  varying  optical  properties.  These  mean 
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value  predictions  are  for  the  stated  spatial  and  temporal  scales.  Responses  for  higher  frequency 
phenomenon  are  not  included. 

The  integrated  response  of  optical  properties  to  principal  drivers  such  as  tidal  currents,  ocean  swell, 
plankton  growth  and  episodic  changes  in  storm  related  land  runoff  are  believed  to  be  within  oiu  modeling 
capability.  It  is  essential  that  all  inputs  be  adequately  defined  and  parametrically  investigated  to  determine 
their  relative  effects  on  optical  property  estimates.  A  simplified  approach  to  the  PVM  utilized  the  most 
obvious  controlling  factors  first.  Our  goal  was  to  develop  a  multi-tiered  framework  for  testing  interactions 
and  alternative  approaches.  This  provides  a  continually  improving  model  in  an  evolving  state  of 
sophistication.  This  paper  briefly  describes  the  optical  scattering  and  absorption  modeling  assumptions 
and  a  series  of  laboratory  experiments  undertaken  to  provide  model  calibrations  for  an  initial  generic 
classification  of  water  constituents  applicable  for  the  very  nearshore  area  (0-100  meters).  Predictions  are 
compared  with  limited  in  situ  optical  measurements.  An  example  of  PVM  generated  spatial  variations  in 
optical  properties  is  presented. 


2.  OPTICS  MODULE  DEVELOPMENT 

A  high  discrimination  technique  must  be  used  to  account  for  the  space  and  time  dependence  of  optical 
properties  on  constituents  in  the  coastal  water  column.  It  has  been  hypothesized,  but  not  conclusively 
demonstrated,  that  optical  properties  of  individual  ingredients  can  be  linearly  combined  to  estimate  the 
optical  properties  of  varied  mixtures  of  biology  and  sediment.  This  separation  is  important  due  to  the 
necessity  to  model  the  generation  of  each  source  concentration  separately.  The  input  parameters  are 
particle  number  concentrations  of  organic  and  inorganic  materials  respectively,  and  a  single  absorption  at 
440  nm  for  the  yellow  substance.  These  concentrations  are  characterized  in  terms  of  variable  size 
distributions  and  indices  of  refraction  for  similar  particle  groupings.  Using  these  input  parameters, 
absorption  and  scattering  coefficients  for  the  composite  medium  are  determined  along  with  the  angul^ 
scattering  dependence  at  a  reference  wavelength  of  530  nm.  This  is  done  through  the  use  of  the  Mie 
theory  of  light  scattering  by  small  particles  (van  de  Hulst,  1981). 

In  order  to  apply  Mie  theory  to  particles  of  all  sizes  it  will  be  necessary  to  assume  that  the  majority  of 
the  particles  are  either  spherical  in  shape  or  that  their  effect  on  light  can  be  described  using  an  "equivalent 
spherical  radius".  Burt  (1952)  suggests  that  this  assumption  does  not  lead  to  serious  error.  This 
assumption  has  been  used  extensively  in  the  literature  and  has  been  supported  by  experimental  verification 
of  Mie  theory  with  a  number  of  different  types  of  solid  crystalline  materials  in  suspension.  With  this  in 
mind,  the  particles  in  suspension  here  will  be  considered  as  a  dispersoid  of  equivalent  spheres  of  varying 
sizes  with  a  single  complex  index  of  refraction  adjusted  to  produce  angular  volume  scattering  compatible 
with  measured  data.  Another  restriction  is  that  the  number  concentration  of  particles  must  be  low  enough 
to  justify  use  of  a  single  scattering  model;  this  assumption  can  be  tested  by  evaluating  linearity  as 
concentrations  increase  in  the  laboratory.  While  descriptions  of  these  procedures  abound  in  the  literature 
(Brown  &  Gordon,  1974;  Morel,  1975;  Kitchen  &  Zaneveld,  1992),  the  single  scattering  assumption 
could  be  restrictive  in  the  turbid  coastal  regime.  These  assumptions  allow  for  an  exact  solution  for 
absorption  and  scattering  cross  sections  which  includes  scattering  angle-dependence  using  only  a  few 
input  parameters. 

Due  to  the  absence  of  concurrent  particle  size,  optical  absorption  and  scattering  measurements  for 
documented  sediment  and  plankton  constituents,  laboratory  measurements  and  a  limited  coastal  data  set 
were  used  together  with  Scripps  Visibility  Laboratory  data  (Petzold,  1972)  as  the  data  for  the  parametric 
tradeoffs  presented  here.  The  data  were  used  to  test  the  modeling  on  inherent  optical  properties  from 
constituents. 

In  the  laboratory,  water  samples  consisting  of  various  mixtures  of  phytoplankton,  sediment  and 
filtered  seawater  were  prepared.  The  concentrations  of  phytoplankton  and  sediment  are  characteristic  of 
nearshore  coastal  waters.  For  each  sample  the  number  of  suspended  particles  and  their  size  distribution 
was  measured  along  with  it's  inherent  optical  properties.  Using  the  measured  particle  data  and  the  known 
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concentrations  of  phytoplankton  and  sediment  as  inputs  to  the  optical  model,  the  inherent  optical 
properties  were  calculated  and  compared  with  the  measured  values. 

The  sediment  solution  used  in  the  test  was  made  from  sediment  samples  taken  off  of  the  coast  of  San 
Diego  in  20  meters  of  water.  Just  the  surface  of  the  sediment  bed  was  taken  and  then  sieved  to  pass  only 
particles  smaller  than  90  pm.  The  sediments  were  further  processed  to  remove  any  particles  which  did  not 
remain  in  suspension  for  10  seconds.  The  concentration  of  the  resulting  suspension  was  determined  by 
centrifuging  a  portion  for  60  minutes  and  letting  the  weight  difference  between  the  centrifuged  and  raw 
solution  be  the  weight  of  the  suspended  solids.  This  process  yielded  a  sediment  concentration  of  89.8 
grams  per  liter.  The  dilution  water  was  collected  at  the  same  location  and  was  filtered  (0.2  pm  effective 
diameter)  to  remove  most  of  the  particles.  The  level  of  dissolved  organic  material  in  this  mix  water  will  be 
discussed  below. 

The  phytoplankton,  Dunaliella  tertiolecta,  was  grown  in  a  unialgal  culture  in  nutrient-enriched,  sterile- 
filtered  seawater  growth  medium  (IMR  medium;  Eppley  et  al.,  1967).  The  aerated  culture  was  under  24 
hour  illumination  by  cool-white  fluorescent  lamps  at  22“C  in  a  polycartx>nate  carboy.  The  concentration  of 
chlorophyll  was  determined  roughly  from  in  vivo  fluorescence  during  the  experiments  then  followed  by 
more  accurate  measurements  on  acetone  extracts.  Mixtures  were  made  using  chlorophyll  concentration  of 
0,  2.34,  7.25,  and  26.49  pg/1  and  sediment  concentrations  of  0,  22.4,  44.9,  89.8  and  124.7  mg/1.  For 
measurements  of  chlorophyll,  pigments  were  extracted  from  the  filters  in  5ml  of  90%  acetone  for  24  hours 
in  the  freezer  in  the  dark.  Extinction  of  acetone  extracts  was  measured  in  a  Perkin-Elmer  Lambda  3B  dual 
beam  spectrophotometer  in  1-cm  quartz  cuvettes.  Concentrations  of  chlorophylls  a,  b,  and  c  were 
calculated  according  to  Jeffrey  and  Humphrey  (1975). 

Particle  size  distributions  were  measured  using  a  Hach  particle  counter.  The  Hach  instrument  uses  a 
400  pm  diameter  flow  tube  insuring  that  one  particle  at  a  time  passes  a  laser  diode.  The  amount  and  time 
of  light  extinction  along  with  the  flow  rate  determine  the  particle  size.  The  sizes  are  sorted  into  size  bins  of 
>2  pm,  >5  pm  >10  pm,  and  >20  pm  diameters.  The  s^iment  particle  size  distributions  are  assumed  to 
fit  a  hyperlwlic  distribution  and  thus  can  be  completely  described  with  a  number  concentration  parameter 
and  a  slope  parameter.  This  distribution  will  be  discussed  later. 

Spectral  absorption  and  attenuation  were  also  measured  for  each  sample  using  a  WetLabs  a/c-9 
absorption/attenuation  meter.  This  instrument  uses  an  incandescent  source  and  a  9  band  filter  wheel  to 
transmit  narrow  band  light  through  a  reflecting  tube  onto  a  diffuser  for  the  absorption  measurement  and  a 
non-reflecting  tube  for  the  transmission  measurement.  The  path  length  is  25  cm.  The  center  wavelengths 
of  the  10  nm  optical  bands  are  shown  in  Table  3.  It  should  be  noted  that  no  significant  sediment- 
phytoplankton  interaction  is  found  in  the  particle  number  concentrations  or  the  optical  properties  of  the 
mixed  samples.  That  is,  it  appears  that  the  optica)  properties  as  well  as  the  particle  number  concentrations 
of  the  constituent  turbidity  sources  can  be  combined  linearly. 

For  measurement  of  particulate  absorption,  particles  were  concentrated  by  filtering  subsamples  (100 
to  500  ml)  of  the  experimental  mixtures  through  Whatman  GF/F  glass  fiber  filters  (effective  pore  size  0.7 
pm).  Filters  were  immediately  frozen  in  liquid  nitrogen.  Optical  density  spectra  of  particles  on  the  filters 
were  measured  from  380  to  760  nm  at  2  nm  resolution  in  a  Hewlett-Packard  Photodiode  Array 
Spectrophotometer  equipped  with  an  integrating  sphere.  A  wet  filter  was  used  as  a  blank.  Corrections  for 
pathlength  amplification  were  made  as  in  Cleveland  and  Weidemann  (1993)  with  an  adjustment  1.29 
(unpub.)  for  the  diffuse  light  of  the  integrated  sphere.  Pigments  in  the  concentrated  particles  were 
extracted  with  hot  methanol  (Kishino  et  al.,  1985)  and  optical  density  spectra  were  measured  on  the 
residual  particles.  Absorption  by  residual  particles,  was  calculated  as  described  for  total  particulates. 
In  these  experiments  the  residual  particles  consist  of  the  sediments  and  associated  particulate  materials 
added  to  the  mixtures.  Phytoplankton  absorption  was  calculated  as  the  difference  between  total  particulate 
and  residual  absorption. 
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Absorption  by  colored  dissolved  organic  matter,  acooM^  was  measured  on  the  filtrate  collected  from 
the  particulate  filtration.  These  filtrates  were  stored  in  aml^r  bottles  in  the  freezer  for  2  months.  Optical 
density  spectra  were  measured  from  200  to  800  nm  at  2  nm  resolution  in  10  cm  quartz  cuvettes  in  a 
Hewlett-Packard  Photodiode  Array  Spectrophotometer.  Water  purified  by  reverse  osmosis  was  used  as  a 
blank.  The  mean  of  optical  density  between  630  and  640  nm  was  subtracted  as  a  baseline  correction  and 
optical  densities  values  were  converted  to  gcdom- 

Total  absorption  in  the  experimental  mixtures  includes  absorption  by  water,  dissolved  matter,  and 
particles.  Absorption  spectra  of  dissolved  matter  and  particles  were  directly  measured,  as  described  atove. 
The  total  absorption  is  now  given  by  equation  1,  where  the  values  for  the  absorption  of  clear  natural 
seawaters,  abater,  were  estimated  by  Smith  and  Baker  (1981)  and  the  values  of  aparticie  and  acooM  were  as 
determined  above.  The  absorption  at  10  nm  resolution  was  calculated  (equation  1)  and  used  to  determine 
the  absorption  calibration  factors,  A^ed  and  (Table  3). 

a{X) 

^water  (^  )  ■*■  ^panicle  (^  )  ■*"  ^CDOM  (A)  (1) 

Throughout  this  paper  the  scattering  and  absorption  contributions  for  pure  ocean  water  (Smith  & 
Baker,  1981)  have  been  removed  to  simplify  absorption  data  comparison.  These  values,  shown  in  Table 
3,  are  included  to  provide  complete  optic^  coefficient  estimates. 

3.  PARTICLE  SIZE  DISTRIBUTION 

The  particles  which  occur  in  natural  waters  have  a  continuous  size  distribution  which  is  roughly 
hyperbolic;  the  number  of  particles  being  defined  in  terms  of  the  number  Nj  with  diameter  greater  than 
d>\  as  shown  in  (2),  (Junge,  1963;  Bader,  1970).  The  exponent,  y,  being  constant  for  a  particular  body 
of  water  but  varying  between  0.7  to  6.0  for  different  water  bodies  (Kirk,  1983).  Morel  (1975)  suggests  a 
value  of  >3  and  Apel  (1987)  an  average  of  2.5  for  offshore  ocean  areas.  Different  values  are  expected 
near  the  coastline  due  to  the  variety  and  increasing  size  of  particulate  sources. 

N  =  N,d-\  y  =  0.7to6.0  (2) 

Although  a  hyjrerbolic  distribution  predicts  many  more  smaller  particles  than  large  ones,  their 
interaction  cross  sections  are  much  smaller.  Large  particles  have  larger  interaction  cross  sections  but  these 
smaller  numbers  result  in  a  smaller  contribution.  Thus  particles  with  diameters  between  Ipm  and  5fim, 
which  can  dominate  the  scattering  process  (Jerlov,  1976  and  Morel,  1975).  While  the  slope,  y,  and 
proportionality  constant,  Ni,  defining  the  total  number  of  measurable  particles  are  the  parameters  to  be 
supplied  by  the  source  models,  they  must  be  experimentally  determine'^  for  optical  model  calibration.  A 
value  of  y=  2. 1  was  derived  by  fitting  the  scattering  model  described  below  to  Petzold's  volume  scattering 
function  measurements  (1972).  This  value  appears  appropriate  for  a  wide  range  of  offshore  coastal 
waters.  Indeed  most  measurements  for  near  coastal  waters  produce  values  over  2.0.  Further  offshore, 
higher  values  are  expected  where  number  concentrations  are  dominated  by  sub-micron  particulate  and 
phytoplankton  in  the  low  to  sub-micron  size  range.  Open  ocean  optical  properties  are  primarily  responsive 
to  the  plankton,  detrital  fragments  and  particles  from  terrestrial  runoff  small  enough  to  remain  suspended 
over  long  periods. 

As  shoreline  particulate  source  areas  are  approached  the  number  concentration  is  expected  to  shift 
toward  larger  sediment  particles  as  shown  in  Figure  1 .  Bottom  resuspension  creates  a  continuous  source 
of  sediments  as  the  near-bottom  components  of  surface  wave  orbital  velocity  exceed  the  "Shields" 
entrainment  criterion  (Dyer,  1986)  which  is  dependent  on  grain  size  and  the  density.  This  is  labeled  the 
Null  Point  in  Figure  1.  The  largest  inorganic  particles  quickly  fall  out  and  are  absent  further  off  shore 
because  of  their  higher  settling  rates  (Sverdrup,  et.  al.,  1942).  Bottom  resuspension  of  particles  reduces  y 
while  increasing  Ni  .  In  locations  where  rivers  and  coastal  runoff  sources  are  present,  a  continuous 
sequence  of  point  and  surf-energy  modulated  sources  exist  along  the  surf  zone;  surf  break  line  in  Figure  1. 
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In  fetch  limited  waters  like  quiescent  bays  these  trends  may  reverse  in  favor  of  smaller  sediments  due  to 
decreased  resuspension  and  diffusivity. 


SEDIMENT 

CONSTANT  PROGRESSIVE  SIZE 

(tirain  INCREASE 

CONSTANT 

_ 

PHYTOPLANKTON 

PROGRESSIVE  INCREASE,  SIZE  A  NUMBER  DECREASE 

(ntrtrlanl  ineiMM)  .  IlkiM  Nmlltd 

MCREASE 

Figure  1.  Hypothetical  sublittoral  particle  size  distribution  trends 

Simultaneously  the  relative  abundance  of  nutrients  increases  the  size  of  the  organic  constituents  as  the 
coastline  is  approached  (Gregg  and  Walsh,  1992),  but  this  increase  can  be  reversed  at  the  photic  limit  in 
Figure  1  as  subsurface  photosynthetically  available  irradiance  dwindles  due  to  the  increased  particulate 
attenuation.  This  increase  would  also  reduce  /while  increasing  Nj . 

Table  1 .  Laboratory  measured  particle  number  concentration  for  sediment  and  plankton  samples. 


Sediment  Concentration 

Plankton 

Concentration 

0.0  mg/l 

22.4  mg/l 

44.9  mg/l 

89.8  mg/l 

124.7  mg/l 

0.0  fig/l 

II  11  II 

No=3721 

Ns=3327 

N,=372I 

No=6214 

N,=5870 

N,=6214 

No=l 1 195 
Ns= 10851 
N|=11195 

No=15410 

Ns= 15066 

N, =15410 

2.34  ng/l 

No=878 
Nb=534 
N,=878 
bio  ffact=0.60 

No=3944 
N,=4255 
N,/No=1.08 
bio  fract=0.13 

No=6410 
N,=6748 
N,/No=1.05 
bio  fract=0.08 

No= 11427 
N,= 11729 
N,/No=1.03 
bio  fract=0.05 

No= 15768 

N,= 15944 
N,/No=1.01 
bio  fract=0.03 

7.25  ng/l 

No=2189 
Nb=1845 
N|=2189 
bio  fract=0.84 

No=5253 
N,=5566 
N,/No=1.06 
bio  fract=0.33 

No=12618 

N, =13040 
N,/No=1.03 
bio  fract=0. 14 

No= 16944 

N, =17255 
N|/No=1.02 
bio  fract=0. 1 1 

26.49  ^g/l 

No=5681 
Nb=5337 
N,=568l 
bio  ffact=0.94 

No=7934 
N,=9058 
N,/No=l.l4 
bio  fract=0.59 

No=n359 

N, =11557 
N,/No=l  02 
bio  tract  =(i  4fi 

No= 15081 

N, =16532 
N,/No=1.10 
bio  fract=0.32 

Table  1  displays  the  particle  number  concentrations  for ,  '  rues  of  laboratory  experiments  performed 
to  evaluate  the  effects  of  combined  sediment-plankton  solutKsns  Sediment  and  plankton  were  combined  in 
concentrations  covering  expected  coastal  values.  The  .sediment  particulate  concentration,  Ng,  and  the 
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phytoplankton  cell  concentration,  Nb,  were  separately  calculated  as  the  difference  between  measured  and 
blank  water,  N^,  in  the  zero  sediment  and  plankton  row  and  column  respectively.  The  total  particulate 
numbers,  Nq,  were  measured  after  combination  of  sediment  and  phytoplankton.  The  mathematical  total 
(Nj  =  Nw  +  Ns  +  Nb.)  consistently  averaged  only  slightly  more  (5%)  than  the  observed  number.  No-  This 
may  be  due  to  unknown  effects  like  agglomeration  (Rashid,  1972)  or  flocculation  (Krone,  1978). 
Flocculation  is  salinity  dependent  and  occurs  primarily  at  lower  salinities  when  river  meets  saline  ocean 
water.  Approximately  77%  of  particle  diameter  increase  occurs  between  salinities  of  3-7ppt  followed  by  a 
much  slower  increase  out  to  33ppt  (Aijaz  and  Jenkins,  in  press).  This  result  is  critical  for  linear  addition 
of  modeled  optical  properties.  The  measured  number  concentrations  used  for  computational  comparisons 
are  included  in  Table  1  along  with  their  ratio  and  the  fraction  of  plankton  cell  numbers. 

4.  OPTICAL  PROPERTY  ESTIMATION  PROCEDURES 

The  calculation  of  optical  properties  splits  naturally  into  scattering  and  absorption  calculations  for 
sediment  and  phytoplankton  designated  by  the  customary  interaction  coefficients:  bsgd ,  bbio  cised  and  abio- 
The  method  used  to  calculate  these  parameters  employs  Mie  scattering  calculations  for  suspended  particles 
and  calibration  coefficients.  The  calibration  coefficients  Bsed^  Bbio,  and  Aged,  Abio  are  applied  to  the 
modeled  coefficients  to  obtain  the  scattering  coefficients  bged  and  bbio  and  the  absorption  coefficients  aged 
and  abio  for  sediment  and  biological  water  constituents  respectively,  bgej  and  bbio  are  summed  to  give  Ae 
total  scattering  coefficient,  b,  and  Cggd  and  abio  are  added  to  provide  the  particulate  absorption,  apanicie, 
used  to  calculate  the  total  absorption  coefficient,  a,  in  equation  (1). 

The  process  requires  laboratory  and  coastal  measurements  to  determine  the  calibration  coefficients  for 
generic  types  or  assemblages  of  optically  significant  constituents  so  that  they  can  be  applied  for  predictions 
in  "similar"  coastal  regions.  Five  geologically  similar  classifications  of  sediment  constituents,  j,  are 
envisioned  for  the  PVM  along  with  a  yet  to  be  determined  number  of  biological  classifications,  i.  Initial 
calibrations  for  just  one  sediment  category  (j-l)  and  one  biological  category  (/=!)  are  provided  here. 

4.1  Particulate  scattering 

Petzold  (1972)  provides  the  most  comprehensive  and  most  quoted  angular  scattering  (p(6) )  data  available 
in  the  literature.  Figure  2  shows  Petzold's  data  for  eight  locations  normalized  by  dividing  by  the  scattering 
coefficient,  b,  to  produce  a  non-dimensional  curve  independent  of  particulate  concentration.  At  most, 
these  curves  deviate  by  a  factor  of  ±  2.5,  predominantly  in  small  solid  angles  about  the  forward  and 
backscatter  directions  in  response  to  changes  in  the  slope  of  the  particle  size  distribution.  This  agreement 
seems  somewhat  amazing  since  the  data  cover  extreme  differences  in  water  types  from  a  shallow  enclosed 
bay  to  clear  deep  ocean  water.  Figure  4  shows  the  mean  and  standard  deviation  of  five  of  these  scattering 
curves  selected  for  near  coastal  water  characterization  along  with  the  calculated  Mie  scattering 
approximation. 

Mie  theory  provides  the  solution  for  the  scattering  matrix  of  homogenous  spheres  in  the  form  of  two 
complex  amplitude  functions,  Si(d)  and  82(6),  of  an  axially  symmetric  scattering  angle,  6,  (Hansen  and 
Travis,  1974).  These  functions  involve  spherical  Bessel  functions  which  are  computed  using  recursion 
relationships  (van  de  Hulst,  1957).  The  functions,  Si(6)  and  82(0),  provided  by  the  Mie  code  are  in  turn 
used  to  calculate  the  directional  scattering  function  13(6)  and  the  spectral  absorption  and  scattering 
coefficients,  a  and  b,  in  terms  of  a  non-dimensional  parameter,  jfc  =  r/A ,  where  r  is  the  equivalent  spheric^ 
radius  and  A  the  optical  wavelength.  The  factor  of  2n,  often  included  in  k  in  the  literature  has  not  been 
included  in  the  size  parameter  used  here  to  facilitate  comparisons.  The  scattering  model  integrates  bulk 
particles  over  three  decades  of  k  covering  particle  sizes  from  0. 1 A  to  lOOA,  roughly  0.05  to  50  pm,  using 
a  hyperbolic  particle  size  distribution.  Phytoplankton  cell  scattering  and  absorption  are  treated 
independently. 
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Figure  3.  Efficiencies  vs.  particle  size  for  a)  scattering;  b)  ateorption 

Scattering  efficiency,  Qsca<^  and  absorption  efticiency,  Qabs>  for  dielectric  spherical  particles  as  a 
function  of  k  aie  shown  in  Figure  3  varying  the  imaginary  part  of  the  index  of  refraction,  rj".  Scattering 
efficiency  is  multiplied  by  geometric  cross  section,  jtr^,  to  obtain  interaction  cross  section.  For  the 
transparent  sphere  case,  with  the  imaginary  part  of  the  index  of  refraction  equal  to  zero,  the  scattering 
efficiency  oscillates  above  k  =  1  due  to  interference  between  the  diffracted  and  transmitted  light,  and 
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approach  a  value  of  two  as  k  increases.  As  the  absolute  value  of  the  imaginary  coefficient  increases,  the 
oscillation  is  damped  and  the  value  tends  to  one  as  particle  size  increases.  This  is  because  the  imaginary 
part  corresponds  to  the  internal  absorption,  of  the  particle  substance  as  given  by  t)"  -  (van 

de  Hulst,  1957)  which,  when  totally  absorbing,  leaves  only  the  diffractive  interaction  contribution  to  the 
cross  section.  The  real  parts  of  indices  of  refraction  reported  in  the  literature  for  the  water  to  quartz 
interface  are  l.\5  <r}'  <  1.2,  and  values  of  t)"  vary  between  1.005  and  1.03  for  the  water  to  chloroplast 
interface.  The  imaginary  indices  are  expected  to  vary  with  outer  shell  thickness,  and  the  location  and 
amount  of  chlorophyll  in  the  cell.  Since  these  terms  vary  with  cell  size,  (Beardsley  et  al.,  1970),  species, 
and  ambient  light,  variable  imaginary  parts  were  tested  using  homogenous  spheres,  both  with  and  without 
concentric  shells,  to  achieve  agreement  with  absorption  measurements. 

Efforts  to  fit  the  Mie  Scattering  model  output  to  the  shape  of  Petzold's  volume  scattering  data  for 
shallow  waters  (Figure  2)  using  plausible  values  for  the  particle  distribution  parameters  and  the  refractive 
index  followed  the  approach  of  Morel  (1975)  and  Brown  and  (jordon  (1974).  This  effort  involves  only 
three  variables  since  the  concentration  (number  of  particles)  simply  moves  the  scattering  curve  up  and 
down  without  altering  its  shape  and  has  been  norm^ized  in  Figure  2.  The  parameters  which  control  the 
shape  of  the  function  are  the  slope,  y,  of  the  size  distribution  discussed  above  and  the  real  and  imaginary 
coefficients  of  the  refractive  index,  i)  =  t]’  -jt}''.  These  parameters  were  investigated  over  the  range  of 
values  quoted  in  the  literature.  The  best  fit  to  the  most  detailed  volume  scattering  data  available  for  the 
very  nearshore  area,  actually  inside  San  Diego  Bay  (Petzold,  1972),  is  shown  in  Figure  4.  Petzold's 
measurements  were  all  made  at  530  nm. 

This  fit  was  achieved  using  y=  2.1  and  rj  =  1.2  -  j0.015.  The  large  imaginary  index  required  to  fit 
the  data  gives  rise  to  an  unrealistically  high  particulate  absorption.  If  a  smaller  imagina^  index  of 
refraction  is  used,  forward  scattering  can  be  modeled  but  the  backscatter  displays  the  rainbowing  effect 
which  results  from  the  use  of  perfect  spherical  shapes.  The  large  imaginary  index  results  in  a  reduced 
slope  which  supports  forward  scattering  by  increasing  the  percent  of  larger  particles.  A  slope  of  3  for  the 
size  distribution  (Morel,  1975)  may  be  closer  to  physical  measurements  and  give  a  better  fit  in  the  forward 


scattering  angle,  e  scattering  angle,  e 

Figure  4.  Concentration  independent  volume  scattering  functions  for  offshore  California 
and  San  Diego  bay  and  the  optical  model;  a)  measurements;  b)  statistical  fit 
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scattering  area  if  rainbowing  is  neglected,  (r;"  =  0.0).  Since  available  volume  scattering  data  indicate  that 
seawater  suspended  materials  do  not  strongly  display  the  rainbow  effect,  we  suggest  that  spherical 
particulate  shapes  are  not  important  constituents  of  seawater.  This  appears  true  for  the  open  ocean,  coastal 
and  bay  waters  which  all  fit  closely  using  identical  parameters. 


Correction  for  this  artificially  high  sediment  absorption,  required  to  achieve  agreement  between  the 
spherical  calculations  and  the  angular  scattering  observations,  was  accomplished  and  added  to  measured 
spectral  absorptions  for  generic  phytoplankton  categories,  detrital  materials  and  CDOM.  These  corrections 
must  be  based  on  measured  data  since  the  Mie  code  does  not  account  for  pigments  or  dissolved 
substances.  This  will  be  discussed  later.  It  should  be  noted  that  even  though  particle  concentration  values 
are  not  available  for  Petzold's  scattering  measurements,  calculated  concentrations  agree  with  recent  San 
Diego  Bay  particle  measurements  (Schoonmaker,  1993).  Model  estimates  of  particulate  concentrations  for 
Petzold's  scattering  data  are  shown  in  Table  2. 


Table  2.  Estimated  particle  concentrations  and  scattering 
coefficients  for  Petzold's  data 


Due  to  the  many  uncertainties  involved  and 
the  absence  of  data  covering  the  many  possible 
variables,  a  single  index  of  refraction  was 
selected  for  use  on  all  materials.  As  shown  by 
the  statistical  curve  in  Figure  4b,  a  satisfactory 
fit  was  obtained  using  rj  =  tj'-  rj"  =  1.2  - 
j  1.015  even  though  biological  materials  were 
clearly  present.  Different  index  coefficients 
would  probably  be  selected  if  volume  scattering 
function  data  were  available  at  wavelengths 
other  than  530  nm.  A  satisfactory  procedure 
for  spectral  compensation  of  the  scattering 

model  coefficient,  bmodei ,  derived  relative  to  530  nm  is  given  by  equations  (3)  and  (4). 


Offshore 

California 

San  Diego 

Bay 

Tongue  of  the 
Ocean 

N,  b(m‘) 

N, 

b(m-‘) 

N, 

b(m‘) 

1627  0.275 

10800 

1.824 

692 

0.117 

1296  0.219 

9368 

1.583 

254 

0.043 

7131 

1.205 

219 

0.037 

Values  of  Bg^d  (^)  vary  by  the  square  of  the  wavelength  (van  de  Hulst,  1957)  and  are  included  in 
Table  3  for  selected  wavelengths.  The  j  in  equation  (4)  refers  to  the  sediment  category.  The 
concentrations  shown  in  Table  1,  together  with  the  y=  2.1  and  the  above  index  of  refraction,  combine  to 
produce  both  accurate  values  at  530nm  and  accurate  spectral  values  when  bmodeh  is  corrected  using  (3)  and 
(4).  This  is  shown  in  Figure  5  for  combined  sediment  and  phytoplankton  laboratory  samples. 

Biological  particulate  scattering  requires  a  unique  calibration  coefficient  for  each  local  water  colunui 
community  when  it  displays  significantly  different  optical  properties.  Mean  cell  size  and  shape  may  affect 
this  coefficient  so  that  the  procedure  is  posed  in  terms  of  multiple  constituents  even  though  only  one 
phytoplankton  species  is  presently  included.  For  each  biological  constituent,  <,  the  biological  particulate 
scattering  scaling  factor  Bbio  is  given  in  terms  of  the  mean  laboratory  measured  spectral  scattering 
coefficient  bmeaA.h^\ 


(3) 

(4) 


=  I  [weighted average  (5) 

and  the  combined  biological  scattering  coefficient  in  terms  of  the  weighted  number  concentration  Nb  = 
Y,Ni  is 
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Table  3.  Laboratory  derived  corrections  parameters 


Seawater  ^ 
(Smith&Baker,  1981) 


NRaD  Lab  Measaremcnt 
Calibration/Corrections 


X(nm) 

b(m'^) 

a(m>) 

Bsed 

Bbio 

^sed 

^hio 

412 

0.00666 

0.01602 

0.6043 

2.4902 

0.1529 

12.8205 

440 

0.00490 

0.01450 

0.6892 

2.5543 

0.1317 

14.5447 

488 

0.00316 

0.01920 

0.8478 

2.6327 

0.1006 

12.0498 

515 

0.00250 

0.04170 

0.9442 

2.7058 

0.0831 

5.5483 

532 

0.00218 

0.05172 

1.0076 

2.7142 

0.0752 

3.0719 

550 

0.00190 

0.06380 

1.0769 

2.7065 

0.0673 

2.6708 

650 

0.00100 

0.34900 

1.5041 

2.6253 

0.0384 

7.5583 

676 

0.00074 

0.44200 

1.6268 

2.1460 

0.0355 

11.2663 

715 

0.00065 

1.00400 

1.8200 

2.7852 

0.0159 

0.4989 

S  ^fibio  (*>  ^  (*>  ^  ) 

=  -  (6) 

I 

Figure  5  illustrates  these  results  and  the 
reduced  scattering  near  676  nm  where  the 
chlorophyll  absorption  peak  reduces  the 
scattering  interaction  cross  section^Q^ca  =  Oeut 
'  Qabs)-  Similar  reductions  in  scattering  at 
pigment  absorption  peaks  were  seen  in 
laboratory  measurement  of  phytoplankton 
scattering  (Bricaud,  et  al..,  1983). 


The  scattering  model  was  run  with  the  above  ® 
parameters  to  prepuce  values  for  both  scattering 
and  absorption  coefficients.  For  the  sediments,  3 

the  absorption  value  includes  the  artifact  ^  _ 

discussed  above  to  correct  for  the  mathematical  ^ 

convenience  of  using  spherical  particles.  Since  ^2.5  - 

the  sediment  samples  tested  in  the  laboratory  ^  — 

were  composed  of  real  coastal  sediment  g  2 

materials,  they  contained  an  unknown  fraction  of  o  i;;;;;"- - - - - 

biological  material  which  is  evidenced  by  a  small  5  ^ . . . _  _ _ 

chlorophyll  or  pheopigment  absorption  increase  8 1.5 

at  676  nm.  In  addition,  the  coastal  mix  water  a»  _ 

contained  dissolved  organics.  This  makes  it  r  . 

difficult  to  determine  the  relative  contributions  to  s  -  H>ni««nRMn 

the  total  absorption.  8  - 

0.5  plwli^  cwiBwiiwllon  ■  SOUi^ 

To  circumvent  determining  these  fractions  - - 

the  optical  model  was  calibrated  to  adjust  the  ^  - -  "ww 

sediment  absorption  coefficient  to  yield  the  o 

laboratory  measured  value  as  a  function  of  optical  ^  ^ 

wavelength.  A,  and  sediment  concentration.  A/,.  optical  wavelength,  A  (nm) 

It  must  be  emphasized  that  these  calibration 

coefficients  are  for  a  single  classification  of  Figure  5  Comparison  of  model  calculations  with 

sediment;  nearshore  southern  California.  The  laboratory  estimates  for  selected 

number  of  sediment  classifications  required  to  particulate  concentrations, 

model  a  wide  variety  of  sublittoral  visibility 

conditions  must  be  determined  by  sensitivity  comparisons  for  samples  covering  the  range  of  optic 
constituents.  As  suggested  later,  it  would  be  advisable  to  include  the  slope  of  the  particle  concentration  as 
a  variable  in  future  constituent  calibrations.  Dilution  with  mix  water  changed  the  concentration  but  the 
relative  number  of  particles  of  each  size  remained  constant.  It  was  determined  that  did  not  tqipreciably 
affect  the  sediment  absorption  scaling  constant,  Aged^  which  has  been  evaluated  constant  y,.  For  each 
optical  constituent,/  the  s^ment  absoiption  scaling  coefficient  is  given  by; 


450  500  550  600  650  700 

optical  wavelength,  X  (nm) 

Comparison  of  model  calculations  with 
laboratory  estimates  for  selected 
particulate  concentrations. 


^udU’^)  ~ 


weighted  average 
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Note  that  a„^i  for  sediment  is  calculated  using  the  same  index  of  refraction,  77  and  slope,  y,  as  used  in 
the  calculation  of  bmodei-  weighted  optical  constituent  for  sediment  absori^on  is; 


= -  Yn, 


(8) 


where  Nj  is  the  number  concentration  of  optical  absorption  constituent,  j. 

For  biological  absorption  the  matter  is  approached  differently  due  to  the  unique  spectral  absorption 
properties  of  many  materials.  Since  modeling  of  detailed  spatial  variations  demands  treatment  of  particle 
dynamics,  it  is  assumed  that  absorption  can  be  estimated  as  the  product  of  biological  constituent  pa^cle 
concentration  and  a  mean  absorption  per  particle.  A  biological  community  would  be  treated  as  a  single 
biological  classification,  or  evaluated  as  a  combination  of  independent  constituents,  depending  on  die 
accuracy  required  for  a  specific  application. 


For  the  phytoplankton,  Dunaliella  tertiolecta,  data  used  in  this  paper  as  a  preliminary  biological 
constituent  we  make  the  make  the  assu^tions  (cell  =  particle): 

1 .  spectral  absorption  is  proportional  to  chlorophyll  present 

2 .  chlorophyll  per  ml  is  pro^rtional  to  (cells  per  ml)  x  (chlorophyll  per  cell) 

3.  the  absorption  per  unit  chlorophyll  concentration,  Abu,  (m**  per  pg/ml),  is  given  by  the  slope  of 
the  laboratory  measured  spectral  absorption  as  a  function  of  chlorophyll  concentration. 
Laboratory  measured  values  are  shown  in  Table  3  for  category  i  =1  {Dunaliella  tertiolecta). 

Using  the  laboratory  determined  value  for  the  chlorophyll  per  cell  {Cceii  =  4.96  x  Ifr^  ^g/ccll)  with  the 
number  of  cells  per  ml  determined,  either  by  measurement  or  modeling,  gives  the  spectral  absorption 
coefficient,  so  that; 


(9) 

The  laboratory  measurements  of  a  bio 
compared  with  ^  modeled  values  in  Figiue  6. 

Combining  the  sediment  and  biological 
scattering  and  absorption  terms  given  by 
equations  (4),  (6),  (8)  and  (9)  with  equation  (1) 
provides  the  required  estimates  of  total 
absorption  and  scattering  coefficients.  This 
assumes  that  a  separate  estimate  procedure  for 
acDOM  available  for  the  location  in  question.  A 
technique  for  unfolding  this  from  measured  data 
is  included  in  the  next  section. 


Figure  6.  Comparison  of  modeled  absorption  with 
laborattHy  measurements. 
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5.  OCEANSIDE  NEARSHORE  EXAMPLE 


The  optics  ii?odel  presented  here  has  yet  to  be  evaluated  due  to  the  absence  of  nearshore  data,  however 
two  nearshore  samples  were  available  to  support  preliminary  order-of-magnitude  comparisons  and  search 
out  problem  areas.  For  these  measurements  the  winds  were  calm  but  there  was  a  long  (12-14  sec)  swell  of 
approximately  1  meter  height  stimulating  abundant  bottom  resuspension  and  a  well  developed  Bottom 
Turbid  Layer  (BTL). 

Water  samples  were  collected  at  three  equally  spaced  positions  in  nominally  20  meter  deep  water 
approximately  one  half  mile  north  of  the  breakwater  at  Oceanside  California.  The  sediment  samples  that 
were  used  for  determining  optical  property  corrections  came  from  a  similar  coastal  site  and  depth 
approximately  20  miles  south  of  this  location.  Water  samples  were  taken  for  subsequent  laboratory  size 
distribution  determination.  In  situ  absorption  and  total  attenuation  measurements  were  made  using  the 
WetLabs  absorption/attenuation  meter  used  in  the  laboratory.  Figure  7  compares  preliminary,  two 
component,  modeled  with  measured  values  of  spectral  absorption  and  scattering  coefficients  for  tl^ 
surface  and  mid  depth.  Optical  data  in  close  proximity  to  the  lx>ttom  was  also  measured,  but  with  total 
attenuation  coefficients  around  ten  (C532  »  10),  these  data  have  not  been  processed. 

Unlike  the  PVM  source  models,  which  estimate  and  Nf,  separately,  the  ocean  measurements  are 
presently  limited  to  total  particles,  N/.  This  confronts  us  with  the  need  to  split  N/  into  phytoplankton  and 
sediment  particles  in  order  to  reconcile  the  data  and  model  predictions.  This  was  done  using  an 
approximation  provided  by  Zaneveld  (personal  conununication,  1994)  wherein  the  observed  absorption  at 
676  nm  above  the  line  connecting  650  nm  and  715  nm  in  the  data  is  attributed  to  chlorophyll  a.  The 
contribution  of  dissolved  organics  at  676  nm  is  assumed  to  be  negligible.  The  chlorophyll  absorption 
determined  in  this  way  corresponds  to  a  specific  Nb  in  the  laboratory  calibrated  model.  Subtracting  Nb 
from  the  measured  total  particulate  gives  Ny  Table  4  shows  the  measured  N/ ,  and  calculated  Ns  and  Nb 
for  the  surface  (2.5  meters)  and  10  meters.  The  calculated  Ns  and  Nb  together  with  the  laboratory 
calibration  coefficients  were  used  in  equations  (8)  and  (9)  for  the  sediment  and  phytoplankton  absorption 
calculations  shown  in  Figure  7.  An  estimate  of  the  spectral  absorption  of  CDOM,  ocdom,  is  calculated 
using  the  remaining  absorption  at  412  nm  after  the  sediment  and  biological  contributions  have  been 
subtracted  from  the  measured  values.  This  procedure  gave  qcdom^^O)  values  of  approximately  0.07  for 
both  depths.  We  assumed  the  biology  particle  cell  diameter  was  the  same  7.6  |im  as  the  mean  Gamma 
distribution  in  the  laboratory  since  we  were  unable  to  separate  the  biology  size  distribution  from  the  total 
distribution.  This  diameter  along  with  the  calculated  Nb  is  used  to  estimate  the  biological  scattering  in 
equation  6. 

A  final  step  is  required  to  adjust  the  slope  of  the  particle  size  distribution  (fraction  of  large  particles)  so 
that  the  spectr^  sediment  scattering  curves  fit  the  data.  This  step  was  unanticipated  because  y  derived 
from  Petzold's  volume  scattering  data  fit  all  of  the  observed  water  types  reasonably  well  with  a  single 
value  of  2.1.  In  the  nearshore  region,  the  sediment  size  distribution  appears  to  be  significantly  modified 
by  the  addition  of  large  particles  resuspended  from  the  bottom.  For  the  hyperbolic  distribution  in  equation 
(2),  a  doubling  of  the  number  of  particles  in  the  1  to  10  pm  band  will  decrease  /from  2.1  to  1.8.  The 
PVM  sediment  source  models  calculate  this  variation  as  input  to  the  optics  module. 

This  nearshore  increase  in  large  particles  results  in  a  shift  towards  forward  scattering  as  shown  in 
Figure  8.  Recalling  that  we  have  defined  k  =  d/2X  so  that  in  the  center  of  the  visible  spectrum  (0.5  pm),  k 
is  approximately  equal  to  the  particle  diameter.  The  Mie  scattering  solution  in  Figure  8  shows  the 
contribution  of  particle  sizes,  grouped  in  three  decades,  to  angular  scattering.  The  smaller  particles  in  the 
Rayleigh  scattering  decade  compose  99-»-%  of  total  particle  number  but  contribute  little  to  P(0)  in  the 
forward  direction  due  to  their  small  optical  cross-sections.  Inversely  the  largest  particles,  while  only  a 
very  small  percentage  of  total,  dominate  forward  scattering  and  point  spread  functions  and  make  very  little 
contribution  to  backscatter. 
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Figure  7.  Oceanside  scattering  and  abs<npti<»n  conqiarison  of  measurements  vs.  modeled:  a) 
surface  layer  scattering;  b)  surface  layer  abstxption;  c)  mid  depth  scattering;  d) 
mid  (^)th  absorption 
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Table  5  summarizes  Mie  scattering 
estimates  of  particulate  scattering  as  a  function 
of  changing  size  distribution  slope,  y,  with  a 
constant  number  of  particles  greater  than  1  pm. 
Decreases  in  /increase  the  relative  number  of 
large  particles  (Table  4).  The  effects  of  this 
relative  increase  in  large  particles  are  clearly 
evident  as  an  increase  in  the  front-to-back  scatter 
ratio,  b^d/bhck,  and  an  increase  in  the 
contribution  of  large  particles  to  total  scatter 
(Table  5).  This  suggests  that  the  larger 
difference  between  modeled  and  measured 
scattering  at  mid-depth  is  due  to  the  presence  of 
larger  particles.  Clearly,  there  is  a  need  for 
laboratory  measurements  which  calculate  the 
sediment  absorption  correction  factor  as  a 
function  of  both  Ns  and  /  to  describe  the  optical 
properties  near  the  bottom  for  shallow  coastal 
areas  subject  to  bottom  sediment  resuspension. 
The  estimated  scattering  of  phytoplankton  cells 
is  very  small  compared  to  the  total  particles  and 
could  probably  be  neglected  in  many  nearshore 
regions  (Figure  7). 


Figure  8.  Three  decade  volume  scattering  function. 


Table  4.  Particle  parameters  for  Oceanside  water  Table  5.  Scattering  fraction  variations  with  slope 
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Visibility  distance  can  be  characterized  by  the  total  beam  attenuation  coefficient,  c,  which  is  shown  in 
Figure  9a  for  the  Oceanside  surface  layer.  The  measured  spectral  values  for  the  shallow  water  sample 
follow  the  modeled  values  very  closely.  However  identical  treatment  for  the  mid-depth  sample  produces 
an  offset  of  approximately  25%.  The  mid-depth  sample  shows  a  70%  increase  in  scattering  coefficient 
because  it  is  closer  to  the  sediment  resuspension  source.  The  25%  spread  between  measured  and  modeled 
may  result  from  the  change  in  the  size  distribution  close  to  shore  discussed  above.  More  data  will  be 
needed  to  resolve  the  problems  associated  with  the  large  particle  cases. 

Figure  9b  compares  a  generic  chlorophyte  spectral  absorption  curve  (Cleveland  and  Perry,  19S14)  with 
modeled  biological  absorption  for  the  Oceanside  surface  and  mid-depth  samples.  The  curves  have  been 
normalized  at  676  nm.  The  normalized  modeled  absorption  spectrum  (based  on  one  phytoplankton 
species)  generally  resembles  the  normalized  chlorophyll  sf^trum.  Differences  in  spectral  perdc  ratios  are 
probably  due  to  different  ratios  of  chlorophyll  b  to  chlorophyll  a  in  the  model  assumptions  compared  to 
the  generic  chlorophyte.  Nearshore  data  includes  absorption  by  other  phytoplankton  pigments,  organic 
detritus,  and  inorganic  particles.  These  particles  give  rise  to  differences  between  model^  and  "generic" 
absorption.  All  of  the  phytoplankton  absorption  values  are  small  relative  to  the  scattering  coefficients  and 
could  almost  be  neglected  without  seriously  impacting  total  attenuation  in  this  Oceanside  case. 
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Figure  9.  Oceanside  nearshore  data  comparison:  a)  total  attenuation;  b)  biological  absorption 


6.  CONCLUSIONS  AND  RECOMMENDATIONS 

Laboratory  measurements  have  demonstrated  small  decreases  (Table  1)  in  the  combined  sum  of 
particle  numbers  as  sediment  and/or  plankton  concentrations  are  increased.  TMs  decrease  may  be  due  to 
unknown  effects  like  agglomeration  or  flocculation.  The  absence  of  significant  changes  in  particle  number 
is  critical  for  optical  modeling  which  independently  combines  the  absorption  and  scattering  contributions 
of  particulate  concentrations.  The  optical  model  calibration  constants  presently  used  in  the  optical 
calculations  were  established  using  a  single  sediment  sample  (size-number  distribution)  and  mix  water 
(salinity).  Slope  variations  and  possible  salinity  effects  require  further  investigation  when  data  becomes 
available. 

The  results  of  the  Bohren-Huffman  based  Mie  scattering  code  calculations  agree  remarkably  well  with 
the  laboratory  measurements  (Figure  5)  and  one  nearshore  surface  water  sample  (Figure  6).  The  internal 
absorption  coefficients,  intr^uced  to  fit  Petzold's  angular  scattering  data  and  compensate  for  the 
mathematical  convenience  of  spherical  particles,  also  provide  tractable  representations  for  the  laboratory 
sediment  data  and  the  nearshore  surface  water  example.  Thus  far  we  have  not  succeeded  in  separating  the 
artifact  caused  by  assumptions  of  spherical  particles  from  true  internal  absorption. 

Disagreement  between  modeled  and  measured  scattering  coefflcients  for  the  mid-depth  sample  (Figiue 
7c)  is  thought  to  be  due  to  a  change  in  particle  size  distribution  slope  caused  by  bottom  resuspension  of 
larger  particles.  The  absorption  correction  coefflcients  were  determined  from  a  single  sediment  size 
distribution  but  the  size  distribution  is  significantly  altered  when  wave  action  doubles  the  relative 
concentration  of  larger  particles.  Sediment  samples  including  these  large  particles  need  to  be  measured  in 
the  laboratory  to  obtain  sufficient  data  to  include  the  slope  variable  as  a  par^eter  in  both  the  scattering  and 
absorption  c^culations.  Slope  variations  are  a  routine  output  of  tl^  PVM  sediment  source  models. 

The  modeled  sediment  plus  phytoplankton  absorption  compare  favorably  to  the  measured  in  situ 
absorption  for  both  depths  in  the  coastd  example  (figure  7b,  7d).  The  modeled  phytoplankton  spectral 
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shape  resembled  the  spectral  shape  for  generic  chlorophyte  (Figure  9b).  This  spectral  shape  is  entirely 
fixed  by  the  reference  water  corrections.  The  generic  chlorophyte  curve  appears  reasonably  close  for  the 
Oceanside  case  but  the  number  of  biological  reference  water  classifications  required  to  cover  the  range  of 
desired  coastal  conditions  depends  on  biological  community  variations  and  the  optical  accuracy  required. 
Modeled  attenuation,  which  is  the  sum  of  the  absorption  and  scattering  also  agreed  with  measured  in  situ 
attenuation  for  surface  waters  (Figure  9a). 

The  steep  gradient  in  optical  properties  near  the  bottom  can  be  expected  to  complicate  passive  remote 
sensing  algorithms.  Above  the  surface  passive  sensors  will  respond  to  the  surface  layer.  Algorithms  for 
simultaneous  extraction  of  sediment,  phytoplankton  and  CDOM  need  to  be  rigorously  tested  and  verified 
in  situ.  SeaWiFS  will  include  new  spectral  bands  designed  expressly  for  this  purpose,  although  it  will  be 
spatially  constrained  to  waters  further  offshore  with  resolution  too  crude  for  resolving  kilometer  scale 
coastal  eddy  structures. 

In  the  bottom  turbid  layer,  prediction  of  optical  properties  will  require  separate  algorithm's  responsive 
to  the  larger  particles  which  strongly  affect  the  front-to-back  scatter  ratio  and  hence  extinci  .  length  and 
diffuse  attenuation  in  different  ways.  In  the  BTL  it  may  be  expedient  to  neglect  biological  effects  entirely 
since  the  absorption  term  may  be  overwhelmed  by  scattering  by  sediments.  This  suggestion  is  based  on 
very  limited  data  and  more  laboratory  and  in  situ  measurements  will  be  required  to  validate  this  approach. 
The  primary  optical  measurement  are  extinction  in  the  BTL  aiid  perhaps  di^se  attenuation  coefficient,  K^, 
of  the  upper  waters  which  reduce  the  light  available  for  passive  visibility. 

Figure  10  demonstrates  a  preliminary  example  of  predicted  visibility  distance  (three  extinction  lengths) 
in  centimeters  for  23  January  1993  for  the  surface  layer  near  Oceanside  with  bottom  resuspension,  surf 
and  active  river  sources  contributing.  This  is  the  type  of  integrated  inherent  optical  property  prediction  that 
our  measurements  and  optical  modeling  efforts  are  intended  to  support  in  the  future.  Hyperspectral  remote 
sensing  is  rapidly  advancing  in  it's  ability  to  extract  terrestrial  data  from  the  3-D  "data  cube",  two  space 
and  one  spectral  dimension.  For  the  ocean  this  paper  has  suggested  complications  in  extracting  data  on  a 
fourth  dimension,  depth.  To  this  we  must  hasten  to  add  the  critical  fifth  dimension  of  time  which  is 
essential  in  the  dynamic  nearshore  environment  and  which  is  treated  by  the  PVM.  When  one  considers 
this  five  dimensional  data  space  the  ocean  truth  data  collection  problem  l^omes  insurmountable  without  a 
model  framework  in  which  to  conduct  the  sensitivity  analysis  which  identifies  and  prioritizes  the  dominant 
parameters  for  the  planning  and  execution  of  algorithm  validation  experiments.  The  optical  algorithms 
presented  above  are  intended  to  develop  into  a  ubiquitous  predictive  capability  as  more  sediment  and 
biological  descriptive  categories  are  added. 
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ABSTRACT 

A  review  of  the  oceanographic  literature  reveals  a  paucity  of  information  about  the  possible  influences  of  gas  microlnibbles 
on  light  scattering  within  oceanic  water.  Previous  in  situ  acoustic  and  holographic  measurements  indicate  that  large  and 
persistent  populations  of  bubbles  (>  20  pm  in  diameter)  are  a  common  feature  of  the  near-surface  ocean,  even  in  the  absence 
of  whitecapping  waves.  In  this  study  the  main  features  of  the  light  scattering  by  an  air  bubble  in  water  are  summarized 
using  Mie  scattering  calculations.  The  possible  contribution  of  persistent  populations  of  microbubbles  to  total  scattering 
and  backscattoing  coefficients  of  sea  water  in  quiescent  seas  is  evaluated.  This  assessment  is  made  assuming  various 
concentrations  and  size  distributions  of  bubbles  larger  than  20  )tm  in  diameter,  which  are  represratative  of  surface  waters 
during  nearly  calm  sea  conditions.  It  appears  that  the  contribution  of  these  bubbles  to  die  total  scattering  and  backscattering 
coefficients  cannot  be  neglected  in  some  oceanic  situations.  This  contribution  varies  between  a  fraction  of  1%  to  several 
percent,  and  might  possibly  be  as  high  as  a  dozen  or  so  percent  The  major  uncertainty  in  these  calculations  is  die  lack  of 
simultaneous  measurements  of  bubbles  and  light  scattering.  In  addition,  because  no  in  situ  dau  about  bubbles  less  than  20 
(im  in  size  are  available,  these  small  bubbles  are  not  taken  into  account  in  the  present  assessment  There  is,  however, 
circumstantial  evidence  that  smaller  bubbles  with  sizes  down  to  a  submicrometer  range  may  exist  in  natural  sea  water  due  to 
subilization  by  surface-active  molecules  and  adsorbed  particles.  Therefore,  the  estinoates  of  the  influence  of  persistent 
bubble  populations  on  light  scattering  in  quiescent  seas  in  the  present  study  should  be  considered  as  preliminary  and 
conservative. 


1.  INTRODUCTION 

Gas  bubbles  in  the  surface  layer  of  die  ocean  are  important  in  a  variety  of  subjects  that  include  underwater  sound 
propagation,  air-sea  gas  exchange,  aerosol  formation,  sea  si^ace  chemistry,  fractionation  of  organic  and  inorganic  materials 
and  cavitation. However,  a  review  of  the  literature  reveal  a  paucity  of  information  about  the  possible  influences  of 
bubbles  on  oceanic  optics,  especially  in  quiescent  seas.  Bubbles  can  efficiently  scatter  light  in  water  because  dieir  refractive 
index  is  considerably  less  than  thiu  of  the  surrounding  media.  It  is  therefore  conceivable  that  bubbles,  if  presmt  in 
sufficient  numbers,  can  make  a  sizeable  contribution  to  light  scattering  in  sea  water. 

Marine  bubble  populations  have  been  extensively  investigated  in  the  past  using  various  optical  and  acoustical 
techniques.^**^  The  available  information  is  limited  to  bubbles  larger  than  20  jim  in  diameter,  and  indicates  that 
concentration  of  such  bubbles  may  vary  by  several  orders  of  magnitude  under  different  oceanic  conditions.*^  Alduxigh  at 
higher  sea  states  wave  injection  is  a  major  source  of  bubbles  that  make  a  considerable  contribution  to  light  scattering  in  die 
near-surface  ocean,  it  is  also  well-documented  that  significant  background  bubble  pt^ations  occur  in  quiescent  seas  in  the 
absence  of  breaking  waves.  Recent  observations  using  laser  holography  indicat^  that  the  concentration  of  bubbles  widi 
diameters  between  20  and  30  Mm  can  be  as  high  as  IS  bubbles  per  cm^  in  calm  seas  in  the  near-surfime  layer. These  data 
seem  to  support  the  relatively  large  numbers  of  bubbles  obtained  by  acoustic  measurements.^**  The  bubbles  in  the 
background  population  may  exist  for  several  reasons,  for  example  because  of  biological  activity  (e.g.  photosynthesis), 
droplet  impact,  sediment  outgassing  and  the  decay  of  earlim'  whitecapping  events.*^  Stabilization  of  bubbles  by  surfactant 
films  and  adsorbed  particles  appears  to  be  an  important  factor  for  the  persistence  of  background  populations.*^*^ 

This  study  has  been  largely  motivated  by  the  need  to  have  preliminary  estimates  of  the  contribution  of  die  background 
bubble  population  to  the  '''attering  and  backscattering  coefficients  in  the  near-surface  waters  under  calm  sea  conditions. 
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Using  Mie  scattering  calculations  I  first  summarize  the  patterns  of  scattering  and  backscattering  efficiencies  for  bubbles  of 
different  size  suspended  in  sea  water.  I  then  estimate  the  bulk  scattering  and  backscattering  coefficients  associated  with 
typical  populations  of  bubbles  larger  than  20  |xm  in  diameter,  and  compare  these  values  with  the  scattering  and 
backscattering  coefficients  of  sea  water. 

2.  SCATTERING  AND  BACKSCATTERING  EFFICIENCIES 


Mie  scattering  calculations  for  an  air  bubble  suspended  in  sea  water  with  a  real  part  of  refi'active  index  of  1.34  were 
made  using  an  algorithm  for  homogeneous  spheres.^*  Specifically,  the  scattering  efficiency  factor,  Q|,,  and  the 
backscattering  efficiency  factor,  Qj^,  were  calculated  at  a  light  wavelength  of  SSO  nm  for  bubbles  ranging  in  diamet^-  D 
from  0.01  to  300  ^m.  The  increment  in  these  calculations  was  0.001  (un  between  0.01  and  0.1  ^m,  0.01  |im  between  0.1 
and  1  pm,  0.1  pm  between  1  and  10  pm,  and  1  pm  between  10  and  300  pm.  While  the  scattering  efficiency  represents  the 
total  scattered  light,  the  backscattering  efficiency  represents  the  integral  of  light  scattered  at  angles  between  90°  and  180°. 
For  comparison  similar  calculations  were  made  for  non-absorbing  particles  with  a  comparatively  low  refractive  index 
relative  to  water  (l.OS)  and  a  high  refractive  index  (I.IS). 

The  results  of  these  calculations  are  shown  in  Figures  1  and  2.  The  iniPal  increase  of  the  scattering  efficiency  with 
increasing  diameter  is  steeper  for  bubbles  than  for  particles.  The  values  at  SSO  nm  for  bubbles  are  higher  than  those  of 
high-index  particles  in  the  submicrometer  range.  In  comparison  to  low-index  particles,  the  bubbles  have  higher  scattering 
efficiency  for  D  <  3  pm.  The  first  maximum  of  Q(,  for  bubbles  is  reached  at  approximately  1.1  pm,  but  its  magnitude  is 
significantly  lower  than  that  for  particles.  The  second  maximum  for  bubbles  (which  is  at  D  s  2.8  pm)  is  relatively  well 
pronounced  and  its  magnitude  is  in  fact  slightly  higher  than  that  of  the  first  maximum.  In  contrast,  such  a  feature  is  absent 
in  the  patterns  representing  particles.  With  increasing  diam^  approaches  2  and  its  oscillations  are  reduced  which  is  a 
well-known  characteristic  of  large  scattering  objects. 

The  backscattering  efficiency,  Q|^,  of  bubbles  at  SSO  nm  is  significantly  higher,  generally  by  more  than  an  order  of 
magnitude,  than  that  of  low-index  particles  over  the  entire  size  range  examined.  If  compared  with  high-index  particles, 
of  bubbles  is  higher  or  similar  in  the  submicrometer  range  but  lower  for  larger  diameters.  The  maximum  value  of  for 
bubbles  is  0.041  and  occurs  at  a  diameter  of  0.23  pm.  For  bubbles  >  1  pm  there  is  very  little  variation  in  which  is 
generally  between  0.02  and  0.02S. 

3.  BULK  SCATTERING  AND  BACKSCATTERING  BY  BUBBLE  POPULATIONS 


The  bulk  scattering  and  backscattering  coefficients  at  SSO  nm  associated  with  a  given  population  of  bubbles  present  in 
sea  water  were  calculated  from: 


Dmu 


IKbubbles)  =  |  Qb(D)  F(D)  dD 


Daia 

Dmu 


bbCbubbles)  =  J  Qbb(D)  (wD^M)  F(D)  dD 


(1) 


(2) 


Dmn 


where  F(D)  is  the  density  function  of  size  distribution  of  bubbles  such  that  F(D)  dD  is  the  concentration  of  bubbles  with 
diameters  in  the  range  (D,  D  dD),  Dmin  Dmax  delimit  the  size  range  of  die  bubble  population,  and  xD^M  is  the 
projected  area  of  the  bubble  with  a  diameter  D. 

At  present  there  is  no  in  situ  dau  about  microbubbles  less  than  20  pm  in  diameter,  therefore  it  is  not  yet  possible  to 
determine  the  size  distribution  F(D)  of  bubbles  over  all  diameters.  Most  dau  from  acoustical  and  optical  determinations  of 
bubbles  at  sea  cover  the  diameta  range  from  about  20  pm  to  several  hundred  of  micrometers.^^  In  addition,  there  is  often  a 
significant  discrepancy  between  acoustical  and  optical  determinations  which  result  from  inherent  inaccuracies  associated  with 
these  techniques  and  the  faa  that  these  techniques  may  count,  to  some  extent,  difEerent  objects.^’  Recent  measuremenu  at 
sea  by  O'Hem  et  al.'^  using  laser  holography  seem  to  support  fairly  high  concentrations  of  bubbles  usually  derived  by 
acoustic  measurements^' during  nearly  calm  sea  conditions.  The  concentration  of  bubbles  ranging  in  diameter  from  20  to 
30  pm  determined  by  O'Hem  and  his  co-workers  varied  between  6  10^  m'^  and  l.S  10^  m*^  in  the  top  30  meters  of  the 
ocean  off  southern  California  near  Sanu  Catalina  Island  in  calm  sea  conditions  (sea  sute  was  0  to  I,  with 
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Fig.  1 .  The  scattering  efficiency  factor  at  SSO  nm  for  air  bubbles  suspended  in  sea  water  as  a  function  of  bubble  riiami-fw 
(solid  line).  The  approximate  value  of  the  real  part  of  refractive  index  of  a  bubble  relative  to  sea  water  (n  a  0.75)  is 
indicated.  For  comparison,  similar  curves  are  plotted  fm  particles  with  relatively  low  (n  >  i.OS)  and  high  (n  a  i.iS) 
refractive  index  as  invested. 


Fig.  2.  As  Figure  1  but  for  backscattering  efficiency. 
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Hg.  3.  The  density  functions  of  size  distribution  of  bubbles  which  represent  low  and  high  concentration  of  bubbles  in  the 
Hiampt^ir  range  between  20  and  300  in  the  near-surface  ocean  in  calm  conditions.  Ute  equations  describing  these 
distributions  are  given. 


less  dian  0.3  m  swell  and  no  wind).  For  the  purpose  of  this  study,  I  use  two  size  distribution  functions,  F(D),  such  that 
their  int^ral  between  Da20^mandDal30^  corresponds  to  tte  two  values  of  bubble  concentration  mentioned  above 
(Fig.3).  These  two  cases  will  be  referred  to  as  low  and  high  bubble  concentration.  In  addition,  it  is  assumed  that  F^)  has 
a  diameter  dependence  IT*  over  die  entire  range  considered  between  Dmips  20  um  and  Dm«.»  300  um.  This  dependence  is 
genoally  consistent  with  acoustic  measurements  of  bubble  populations  at  sea  althou^  most  data  suggest  that  the  slope  of 
the  F(D)  function  is  less  steep  for  diametera  >  120  I  have  chosen  to  keep  the  slope  of  -4  over  die  entire  MamMrr 

range  to  assure  that  the  estimates  of  bubble  concentration  and  die  associated  scattering  coefficients  are  more  conservative. 
The  total  bubble  concentration  between  Dmi,. «  20  pm  and  Dm-«  »  300  pm  is  approximatety  9.179-10^  m*’  and  2.29S'10^ 
m*^  for  the  case  of  low  and  high  concentration  respectively. 

The  scattering  coefficient,  b(bobbles),  calculated  from  equttion  (1)  is  1.314’10'’  m'*  for  the  low  bubUe  concentration 
and  3.785*  10'^  m'^  for  the  high  bubble  concentration.  Similariy,  the  calculations  of  the  backscattering  coefficient 
according  to  equation  (2)  yield  b^ONibbles)  of  1.810*10*^  m'*  and  4.525*10^  m'*  for  die  low  and  td^  bubble  concentniion 
respectivdy.  It  is  of  interest  to  compare  these  values  with  typical  scattering  and  backscattering  coefficients  sriuch  occur  in 
the  near-surfiKe  ocean.  Using  a  large  database  from  simultaneous  measurements  of  total  scattering  coefficient  at  550  nm, 
b(550),  and  pigmmit  concentration  C  (chlorophyll  a  plus  idiaeo|diytin  a)  Gordon  and  Morel^  proposed  a  relationriiip  for 
Case  1  surface  waters: 

b(550)  -  0.3  0®  “  (3) 

In  fact,  most  data  in  such  waters  are  confined  to  the  band  between  two  curves  described  by  similar  equation  with  the 
exception  that  the  factor  0.3  is  replaced  by  0.15  for  the  lower  limit  and  and  0.45  for  the  upper  limit  (see  also  Mord^*). 
Figure  4  shows  such  a  band  representing  typical  range  of  b(550)  values  as  a  function  of  pigment  concentration  in  Case  1 
surface  waters.  The  range  of  bfimbble)  delimited  by  the  values  corresponding  to  the  low  and  high  bubble  concentratitm  and 
the  scattering  coefficient  of  pure  sea  water,  bw(550) «  0.0019  m*',  are  also  shown.  This  figure  suggests  that  bubbles  may 
have  a  sizeable  and  non-n^ligible  contribution  to  the  total  scattering  coefficient  of  sea  water  in  certain  oceanic  situations. 


SPIE  Vol.  2258  Ocean  Optics  XII  (1994)  /  707 


Chi  a  +  Phaeo  a  [  mg  m  ^  ] 


Fig.  4.  Typical  range  of  the  total  scattering  coefficient  at  SSO  nm  in  Case  1  surface  waters  as  a  function  of  pigment 
concentration  (dashed  lines)  after  Morel.^*  The  range  of  the  scattering  coefflcieat  associated  with  the  bubble  populations  is 
indicated  in  the  shaded  area.  The  lower  and  upper  limits  of  this  range  correspond  to  the  lower  and  upper  size  distributions  of 
bubbles  presented  in  Fig.  3.  For  comparison,  the  scattering  coefficient  of  pure  sea  water  at  SSO  nm  is  also  shown  (solid 
line). 


Chi  a  +  Phaeo  a  [  mg  m  ^  ] 

Fig.  S.  The  backscattering  coefficient  of  marine  particles  at  SSO  nm  as  a  ftuction  of  pigment  concentration  in  surface 
oceanic  waters  (dashed  line)  after  Morel.^  The  range  of  the  backscattering  coefBdent  of  bubbles  corresponding  to  different 
bubble  concentrations  as  presented  in  Rg.  3  is  shown  in  the  shaded  area.  For  comparison,  the  backscattering  coefficient  of 
pure  sea  water  at  SSO  nm  is  also  shown  (solid  line). 
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under  calm  windless  conditions.  As  an  example,  at  pigment  concentration  of  0.S  mg  m'^,  b(bubbles)  is  0.8%  and  19%  of 
b(S50)  determined  from  equation  (3)  for  the  low  and  hi^  bubble  concentration  respectively,  fri  addition,  the  light  scattering 
at  SSO  nm  associated  with  bubbles  is  expected  to  be  usually  higher  than  that  of  pure  sea  water,  b(bubbles)  is  lower  than 
bw(SSO)  by  about  20%  for  the  low  bubble  concentration  but  higher  by  a  factor  of  approximately  20  at  high  bubble 
concentration. 

No  in  situ  data  on  the  total  backscattering  coefficient  of  sea  water  are  available;  therefore  I  here  use  the  relationship 
proposed  by  Morel^  for  the  backscattering  of  particles,  as  a  function  of  pigment  concentration  C.  which  was  derived 
through  theoretical  considerations  with  some  support  from  eiqierimental  data: 

bi^(550)  =  [0.3  C®  “-bw(550)l  [0.002  +  0.02  (0.5  -  0.25  logC)]  (4) 

In  contrast  to  the  orginal  formulation  by  Morel,  the  first  term  in  equation  (4)  is  corrected  by  subtracting  the 
contribution  of  pure  sea  water  bw(550).  Figure  5  shows  b|_(550)  along  with  die  backscattering  coefficient  of  pure  seawater. 
bi,^(550)  =  0.(XX)95  m'*,  and  the  range  of  bi,(bubbles)  wlimited  by  values  corresponding  to  the  low  and  high  bubble 
concentration.  The  estimates  of  b|,(bubbles)  are  lower  than  the  backscattering  associated  with  pure  sea  water,  the  values  of 
b|,(bubbles)  are  1.9  to  47.6%  of  b|,^(550).  Nevertheless,  amilarly  to  the  total  scattering,  buMles  may  have  sizeable  and 
non-negligible  contribution  to  the  backscattering  coefficient  of  sea  water.  At  the  pigment  concentration  C  s  0.5  mg  m'^, 
b|,(bubbles)  is  0.7%  and  17.3%  of  particulate  backscattering  b|_(550)  fM'  die  low  and  high  bubble  concentration 
respectively.  These  percent  values  decrease  to  0.5%  and  12.7%  if^fbubbles)  is  compared  to  the  sum  of  b|^(550)  and 
bfcp(550). 


4.  CONCLUSIONS 

While  it  is  well-known  that  gas  bubbles  may  dominate  light  scattering  in  the  near-surfiKe  water  in  rough  seas  due  to 
injection  by  breaking  waves,  the  question  of  what  effect  the  persistent  bubble  populations  might  have  on  ocean  optics  in 
quiescent  seas  has  not  received,  to  my  knowledge,  any  significant  attention  in  the  past.  In  this  study,  I  obtained 
preliminary  estimates  of  the  magnitude  of  scattering  and  backscattering  coefficients  associated  with  typical  populations  of 
bubbles  (>  20  pm  in  diameter)  present  in  the  near-surface  layer  in  calm  sea  conditions.  Ihis  assessment  hu  been  largely 
prompted  by  recent  holographic  measurements  of  bubbles  at  sea*^  which  appear  to  provide  reliable  of  bubble 

concentration  and  resolve,  at  least  partly,  the  apparent  conflict  between  acoustical  and  optical  results.****’  The  present 
calculations  suggest  that  bubbles  may  have  a  sizzle  and  non-negligible  contribution,  occasionally  perhaps  even  as  high  as 
dozen  or  so  percent,  to  the  scattering  and  backscattering  coefficients  of  sea  water  in  calm  sea  conditions.  Although  this 
result  is  preliminary,  the  estimated  contribution  is  high  enough  to  indicate  a  need  for  further  research  to  clarify  the 
influences  of  microbubbles  on  oceanic  optics. 

It  is  important  to  emphasize  that  this  assessment  should  only  be  considered  as  a  starting  point  for  continuing  study 
because  it  is  based  on  relatively  simple  assumptions  and  necessarily  omits  some  phenomena  are  presently  difficult  to 
consider  in  quantitative  terms.  For  example,  it  has  been  here  assumed  that  only  free  bidtbles  in  the  range  from  20 

to  3(X)  ftm  are  present  although  very  small  bubbles,  even  in  the  submicrometer  range,  may  persist  in  sea  waier.*^*'* 
Unfortunately,  no  in  sim  data  for  buMle  diameters  <  20  lun  are  now  available.  Small  bubble^  once  formed,  may  persist 
for  an  extended  period  of  time  because  of  surfactant  coating  or  aftachmem  to  particles.^  However,  the  acatiering  properties 
of  such  objects  in  marine  environments  may  be  very  difficult  to  quantify  accurately,  and  simple  Mie  calculations  for 
homogeneous  gtheres  will  likely  be  inadequate  in  tins  case.  In  addition,  there  is  drcumstantiai  evidence  that  microbubUes, 
similar  to  gas  vacuoles  in  the  blue-green  algae,  ate  associated  witii  various  species  of  marine  phytoftianktoo.^  Finally,  it  is 
possible  that  bubbles  will  have  significantly  different  effea  on  light  scattering  at  various  liglK  wavelengths  which  has  not 
been  addressed  in  the  present  study. 
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ABSTRACT 


A  preliminary  investigation  is  made  of  a  method  to  estimate  the  spatial  distribution  of 
an  optical  source  at  a  single  wavelength  in  a  spatially-uniform  seawater  of  known  absorp¬ 
tion  and  scattering  properties.  The  source  at  the  wavelength  of  interest  could  be  inelastic 
scattering,  fluorescence,  or  bioluminescence,  for  example.  An  algorithm  is  developed  with 
which  to  estimate  two  coefficients  that  describe  the  source  from  only  downward  and  up¬ 
ward  irradiance  measurements  at  two  depths  that  can  be  far  apart,  or  four  coefficients  if 
the  downward  and  upward  scalar  irradiances  also  are  measured.  For  the  special  case  of 
a  spatially-uniform,  semi-infinite  seawater  then  measurements  at  one  depth  are  sufficient 
but  the  number  of  coefficients  that  can  be  estimated  is  reduced  by  a  factor  of  two.  The 
algorithm  is  derived  assuming  that  the  radiance  is  in  the  asymptotic  regime,  which  means 
results  will  be  less  accurate  if  measurements  are  made  too  near  the  sea  surface. 

Keywords:  ocean  optics,  radiative  transfer,  inverse  problem,  inelastic  scattering,  fluores¬ 
cence,  bioluminescence 


1.  INTRODUCTION 


Procedures  have  been  developed  earlier  for  the  estimation  of  sources  in  seawater  using 
in  situ  measurements  of  the  downward  and  upward  components  of  the  (vector)  irradiance 
and  scalar  irradiance.  Such  procedures  offer  the  possibility  of  estimating  the  sources  in 
waters  for  which  the  optical  properties,  such  as  the  absorption  coefficient,  are  not  known;  a 
further  advantage  is  that  the  layers  of  water  need  not  be  of  uniform  optical  properties  since 
depth-profiling  measurements  are  made.  In  these  earlier  “small-step”  procedures,  optical 
measurements  at  two  depths  separated  by  at  most  a  few  meters  were  used  to  estimate  the 
source  and  other  properties  between  the  two  depths. 

The  objective  here,  however,  is  to  develop  a  “large-step”  algorithm  to  estimate  a 
spatially-dependent  source  (such  as  inelastic  scattering,  fluorescence,  or  bioluminescence) 
between  two  measurement  positions  far  apart.  As  a  consequence  of  the  more  limited  num¬ 
ber  of  measurements,  however,  it  must  be  assumed  that  all  the  optical  properties  are  known 
for  seawater  that  is  spatially-uniform  between  the  two  measurement  positions.  EVen  if  such 
conditions  are  not  precisely  met,  however,  the  algorithm  can  be  used  with  depth-dependent 
profiling  measurements  whenever  the  inherent  optical  properties  are  approximately  uniform 
with  depth. 

An  important  feature  of  the  algorithm  is  that  if  the  seawater  of  uniform  optical  prop¬ 
erties  is  so  deep  that  it  can  be  considered  as  a  semi-infinite  medium,  then  there  is  no  ne^ 
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for  the  measurements  at  the  deeper  depth.  The  large-step  algorithm  then  becomes  a  “one- 
depth”  procedure. 

It  is  worth  mentioning  that  the  new,  large-step  algorithm  can  be  used  in  certain  situa¬ 
tions  (such  as  a  slowly-changing  source  with  depth)  to  check  the  accuracy  of  the  small-step 
algorithm  of  Ref.  2  for  which  the  optical  properties  are  assumed  known. 

Earlier  work  on  the  large-step  source  estimation  problem  is  presented  in  Refs.  5- 
7.  Larsen^  considered  a  semi-infinite  medium  and  developed  a  closed-form  equation  with 
which  to  determine  a  spatially-dependent  isotropic  source  from  an  inverse  Laplace  transform 
of  an  integral  of  the  inward  and  outward  radiance  data  at  the  boundary.  Li  and  Ozi§ik^ 
solved  for  an  isotropic  source  distribution  in  a  spatially-uniform  layer  using  an  iterative 
method  that  relied  on  radiance  measurements  and  Pn  radiative  transfer  calculations  of  the 
radiance.  Siewert^  developed  an  explicit  solution  generalizing  the  earlier  work  that  also 
relied  on  radiance  measurements.  Since  almost  all  ocean  optics  optical  measurements  are 
of  downward  and  upward  irradiances  which  are  sometimes  supplemented  by  downward  and 
upward  scalar  irradiance  measurements,  our  principal  interest  here  is  to  derive  an  algorithm 
that  requires  only  irradiance  and  scalar  measurements  and  not  radiance  measurements. 

After  establishing  some  notation  in  Sec.  2,  the  general  ideas  behind  the  development 
of  the  algorithm  are  presented  in  Sec.  3  for  cases  when  the  measurements  are  made  at  two 
depths  deep  enough  that  the  radiance  is  in  the  asymptotic  regime.  Several  simple  numerical 
tests  of  the  algorithm  are  presented  in  Sec.  4  which  lead  to  some  tentative  conclusions  about 
the  algorithm  that  are  given  in  Sec.  5. 


2.  NOTATION 

The  analysis  is  based  on  the  linear,  integrodifferential  radiative  transfer  equation  for 
a  time-independent,  azimuthally-integrated  radiance  L(z,/^),  where  fi  is  the  cosine  of  the 
nadir  angle  with  respect  to  depth  z  at  an  implicit  wavelength  for  the  source  and  detector. 
The  equation  is 

d  b  ^ 

+  = -^(2n  +  l)/„P„(/i)  J  L(z,n')dfi'  +  -S{z).  (1) 

Here  cS{z)/2  is  the  rate  per  unit  volume  at  which  photons  are  isotropically  emitted  by 
inelastic  scattering,  fluorescence,  or  bioluminescence.  The  absorption  coefl3cient  a  and  the 
scattering  coefficient  6  are  the  probability  per  unit  distance  of  travel  that  a  photon  will  be 
absorbed  and  scattered,  respectively;  c  =  a  +  b  is  the  beam  attenuation  coefficient.  The 
scattering  phase  function  has  been  expanded  in  terms  of  Legendre  polynomials  Pn(/^)i  with 
the  expansion  coefficients  normalized  so  that  /o  =  1. 

Since  the  optical  properties  of  the  layer  are  assumed  known,  we  can  use  the  dimen¬ 
sionless  variable  cz  =  t  +  Tr  for  the  depth.  Here  is  a  reference  depth  for  the  shallowest 
boundary  of  the  layer,  and  0  <  t  <  To  where  To  is  the  optical  thickness  of  the  layer  of 
interest. 
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The  general,  analytical  solution  of  the  dirc>ct  radiative  transfer  problem  can  be  ex¬ 
pressed  using  the  complete  set  of  eigenfunctions  of  the  homogeneous  radiative  transfer 
equation.®"^®  The  eigenfunction  expansion  for  the  layer  can  be  written  as 

J 

L{T,fi]Tr)  =  exp(-T/i/j)  +i4(-i/j)^_^^(/i)exp(T/i/j)] 

i=i 

+  J  exp(-T/*/)d/*  +  Lp(T,  /i;  Tr) ,  0  <  r  <  .  (2) 


The  expansion  coefficients  A{±Vj)  and  A(i/)  are  determined  from  the  boimdary  condi¬ 
tions  when  solving  a  direct  radiative  transfer  problem  using  Elq.  (1)  but,  since  we  wish  to 
solve  an  inverse  problem  without  solving  a  direct  problem,  the  coefficients  must  be  elimi¬ 
nated  when  we  develop  a  somce  estimation  algorithm.  The  eigenvalues  of  the  homogeneous 
radiative  transfer  equation  are  ±Uj  for  j  =  1  to  J,  with  1  <  |i/j|  <  oo.  The  eigenvalues  are 
dimensionless,  inherent  optical  properties  that  depend  only  on  other  optical  properties  such 
as  the  single-scattering  albedo  u  =  b/c  and  the  ^pension  coefficients  /«.  The  eigenvalues 
will  be  ordered  so  that  t'l  >  *^2  >  •  •  •  ^  1;  the  value  of  c/u\  is  just  the  asymptotic  diffuse 
attenuation  coefficient  (often  denoted  as  A'oo)*  For  a  weakly  absorbing  wavelength,  up  to 
13  eigenvalues  have  been  reported,^^  5^4  fewer  occur  as  u  decreases. 

The  eigenvalues  i/j  can  be  calculated  as  the  roots  of  the  transcendental  equation®"^® 

2  y_i  x-^fi 


for  X  ^  (— 1, 1).  Here 

N 

/*)  =  5^(2n  +  1)  fn  ffnH  Pfiili)  ,  (3) 

n=0 

where  the  Qniy)  are  polynomials  of  degree  n,  even  or  odd  depending  on  whether  n  is  even 
or  odd,  that  satisfy  the  recursion  relation 

(n  +  l)^„+i(i/)  -  (2n  +  1)(1  -  w/„)i/p„(i/)  +  ngn^i(u)  =  0,  n  >  0. 


The  Pn(t')  are  defined  by 


(4) 


with  a  normalization  of  the  eigenfunctions  given  by  goiy)  =  1,  and  with  g-\{v)  =  0.  The 
eigenfunctions  satisfy  the  equation®”^® 


(jj 


(1/  -  =  -^vg(y,g) 


(5) 
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The  particular  solution  Lp{T,fi]Tr)  in  Eq.  (2)  is  a  function  of  the  source  and  must 
be  computed  by  assuming  a  sovirce  profile  within  the  layer  0  <  t  <  To  and  evaluating 
Lp{T,n;Tr)  as  any  solution  of  the  radiative  transfer  (i.e.,  it  need  not  necessarily  match  the 
boundary  conditions).  For  example,  for  an  isotropic  source  that  is  assumed  to  spatially  vary 
as 

K 

S{T\Tr)  =  '^QkT'" ,  (6a) 

ifc=0 

the  constants  Qk  must  be  e.stimated.  The  particular  solution  for  such  a  source  is^^ 

K  k 

l)r,‘(T)P/(,.),  (6b) 

where  hi  =  +  1)(1  —  (jjft)  and,  for  K  <  Z,  the  polynomials  T/'(t)  of  degree  k  —  I 

are  listed  in  Table  1.  Particular  solutions  for  other  spatially-distributed  sources,  such  as 

S{t)  =  Qoexp(— r/d)  for  a  constant  d  >  0,  also  are  available. 

Table  1.  Some  coefficients  T*(t)  for  the  particular  solution  expansions  of  Eqs.  (6b)  and  (8). 


In  ocean  optics  investigations,  hemispherically-integrated  moments  of  the  downward 
(-I-)  and  upward  (— )  radiance  are  often  measured, 


En+ir-,  r^)  =  jf  Pn(ti)L{T,  fi;  Tr)dn , 
En-iT;Tr)=^  j  Pn{fi)L{T,  fl]Tr)d/i  . 


(7) 


(The  moments  ±Ei±(r;Tr),  for  example,  are  the  downward/upward  irradiances.)  Similar 
definitions  for  hemispherical  angular  moments  of  the  particular  solution  give  two  equations 
(one  for  the  top  sign  and  the  other  for  the  bottom  sign)  for  the  particular  solution  of  Eq. 
(6b), 


Epnizi'^i  ‘^r) 


1 

2ho 


Qt  53(±1)”-*-'(2<  +  l)7tor,*(r) , 


k=0  i=0 


(8±) 
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where  the  values  of  7/„  =  Pi{fi)Pn{n)dfi  are  given  in  Table  2. 

Table  2.  Some  coefficients  'ftn  =  7n<  for  the  particular  solution  expansions  of  Eq.  (8). 


i _ n  =  Q  n  =  1 _ n  —  0. _ n.  =  3 


0 

1 

1/2 

0 

1 

1/3 

1/8 

2 

1/5 

3 


-1/8 

0 

1/8 

1/7 


It  is  convenient  to  also  define  the  downward  and  upward  moments  of  the  eigenfunctions, 


9n+(l')=  f  , 

Jo 

fO 

gn-{y)  =  J  Pnifi)4>uifi)dtl , 


(9a) 

(9b) 


where  we  immediately  see  that  gn+{t')  +  gn-{^)  =  Pn(*^)*  Because  of  the  property 

5„_(±i/)  =  (-l)”5n+(T*') ,  (9c±) 

it  follows  that  only  two  values,  say  </n±(<^)  for  positive  i/,  need  be  computed  using  Eqs. 
(9a, b).  With  the  preceding  definitions  it  follows,  after  integrating  Eq.  (2)  and  using  Eq. 
(9c),  that 


En±{r]Tr)  -  Ep„±{T]Tr)  =  [>l(*'j)<?n±(*^i)  exp(-r/i/j)  +  (-l)M(-»/j)p„:p(»/j)exp(T/*/j)] 


i=i 


+  J  A{u)gn±ii/)exp{-T/i/)di/ ,  0<t< 


(10±) 


3.  THE  ALGORITHM 


The  eigenfunction  expansion  of  Eq.  (2)  is  an  especially  convenient  way  to  represent 
an  asymptotic  light  field.  Because  i/j  >  1  and  u  <  1,  the  integral  (i.e.,  “transient”)  terms 
disappear  most  rapidly  as  r  increases,  and  for  a  sufficiently  large  depth  the  terms  with  the 
larger  uj  values  (t/2,  t'a,  etc.)  also  can  be  neglected.  The  hemispherical  angular  moments  of 
the  asymptotic  light  field  thus  can  described  by  the  two  equations 

En±{r;Tr)  -  Epn±{T;Tr)  =  A(i/i)^„±(i/i) exp(-r/*/i)  +  (-l)M(-i/i)^nT(*'i)exp(r/i/i). 

(11±) 
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Once  the  asymptotic  approximation  is  made,  however,  the  value  of  n  should  be  restricted 
to  either  0  or  1  because  there  is  a  degeneracy  with  higher-order  angular  moments  of  the 
radiance;  see  Ref.  4,  for  example. 

To  derive  the  algorithm  we  need  to  eliminate  the  expansion  coefficients  >4(±i/i)  that 
depend  on  the  boundary  conditions  for  t  =  0  and  t  =  Tq.  We  first  multiply  Eq.  (11)  by 
to  find 

Pn±(^'l)l-£'n±{'r;  Tr)  —  '^r)] 

=  i4(i/i)s^±(i/i)exp(-T/i/i)  +  (-l)"A(-  i/i)p„±(*/i)p„^(i/i)exp(T/i/i) ,  n  =  0,1 , 
and  then  subtract  one  of  these  equations  from  the  other  to  obtain 


gn+{vi)[En+{T]Tr)  -  Epn+(r;  Tr))  -  Pn-(«^l) Tr)  -  Ep„_(T;Tr)l 

=  -  i7S_(i^i)lexp(-T/i/i) ,  n  =  0, 1 . 

After  setting  r  =  0  and  t  =  To  in  tho*  last  equation,  two  equations  for  the  unknown 
■^(‘'i)lPn+(‘'i)  ~  obtained  that  can  be  equated.  After  algebraic  rearrangement 

we  finally  obtain  (for  the  equation  with  the  top  sign) 

(£;n4-(0;  Tr)- exp(±To/t/l)En+iTo;  Tr)]  -  /!?^^(En-(0;  Tr)  -  exp{±To/ Vl)En-iTo;  Tr)] 

=  [Epn+{0-,Tr)  -  eXp{±To/ui)Epn+{To\Tr)] 

-  l3^^[Epn-(^]  Tr)  -  exp{±To/n)Epn-{To\  Tr)]  ,  n  =  0,  1  ,  (12±) 

where  /3n  is  defined  by 

Pn  =  (13) 

5n-(»'l) 

and  can  be  computed  from  EJqs.  (9a, b).  (Equation  (12—)  follows  by  first  multiplying  Eq. 
(11)  by  and  then  following  the  same  procedure  as  above  to  obtain  two  equations 

for  the  unknown  (— 1)”A(— i/i)(5*+(i/i)  —  5^_(»'i)j  that  can  be  equated.) 

We  first  consider  the  case  when  the  spatially-uniform  layer  between  the  two  measure¬ 
ment  positions  is  of  finite  thickness.  Equations  (12)  then  are  a  set  of  four  equations  in  which 
measured  downward  and  upward  irradiances  and  scalar  irradiances  at  the  two  boundaries 
cz  =  Tr  and  cz  =  To  +  Tr  can  be  inserted  on  the  left-hand  side  and  assumed  source  distribu¬ 
tions  containing  unknown  parameters  are  put  in  the  right-hand  side.  The  combination  of 
Eqs.  (8)  and  (12),  for  example,  gives  a  means  of  estimating  the  unknown  coefficients  Qk, 
ifc  =  0  to  3,  from  the  downward  and  upward  irradiances  ±Ei±(0;Tr)  and  i:Ei±{To]Tr)  and 
the  downward  and  upward  scalar  irradiances  Eo±{0]Tr)  and  Eo±{To]Tr)  at  the  two  boimd- 

aries.  If  a  source  with  only  the  unknown  parameters  Qo  and  Qi  were  to  be  estimated,  then 
only  the  two  equations  for  n  =  1  involving  the  downward  and  upward  irradiances  at  t  =  0 
and  T  =  TO  would  be  needed,  for  example. 

We  next  consider  the  case  when  the  spatially-uniform  layer  between  the  two  measure¬ 
ment  positions  is  semi-infinite  in  extent.  Then  r©  — ►  oo  and  the  two  equations  for  Eq.  (12-f ) 
cannot  be  used,  while  those  for  Eq.  (12—)  simplify  to 


^n4-(0)'^r)  ~  ^n^n— (Oj'^r)  —  Epn+{0]Tr)  —  ^n^pn— (0»  "^r)  i 


n  =  0, 1 . 


(14) 
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These  two  equations  would  enable  Qq  and  Qi  to  be  estimated  from  the  downward  and 
upward  irradiances  and  scalar  irradiances  at  the  single  depth  t  =  0.  Using  EJqs.  (8)  and 
Tables  1  and  2  we  find,  for  example, 

r.)  =  2^  +  OiT  T  .  (15a±) 

Bpl±(T-,Tr)  =  ^  f±(<jo  +  (Jit)  -  .  (15b±) 

From  Eqs.  (14)  and  (15)  it  then  follows  for  the  special  case  where  the  measurements  are 
taken  just  beneath  the  surface  (rr  =  0)  and  at  night  (so  that  there  is  no  surface  illumination 
and  Eo+(0;0)  =  £:i+(0;0)  =  0)  that 

Qo  =  4hoA-M2^o(l  -  /di)Eo.(0;0)  -  3)9i(H- /?o)£?i-(0;0)] ,  (16a) 

Qi  =  4hohiA-^[/3o(l  +/li)Fo-(0;0)  -2/9i(l  -/3o)^i-(0;0)],  (16b) 


where 

A  =  3(1  +  /?o)(l  +  /3i)  -  4(1  -  j&o)(l  -  /9i) . 


Another  possible  use  of  Eqs.  (14)  is  to  make  the  (rather  drastic!)  assmnption  that  the 
source  is  spatially-constant  throughout  the  spatially-uniform  seawater  below  the  depth  Tr  so 
that  Qi  =  0.  Then  Qo  could  be  estimated  from  just  the  downward  and  upward  irradiances 
or  the  corresponding  scalar  irradiances.  For  example,  from  Eqs.  (14)  and  (15)  it  follows 
that  either  of  the  following  equations  could  be  used, 

^0  =  r^(Eo+(0;T,)  -  ^o£^o-(0;  r,.)] ,  (17a) 

1  -  Po 

=  7^lBl+(0;r.)  (17b) 

1  +  Pi 


A  summary  of  the  use  of  the  preceding  equations  is  given  in  Table  3. 

Table  3.  Summary  of  the  diflferent  applications  of  the  asymptotic  inverse  source  estimation 
algorithm. 


Eq.  no.  To _ Measurements  required _ No.  of  Q,  estimated 


12 

<  oo 

E„±(0;  Tr 

and  E„±(to;t,.)  for  n  =  0, 1 

4 

12 

<  oo 

Eo±(0;Tr^ 

and  Eo±(To;Tr) 

2 

12 

<  oo 

El±l0;  Tr 

and  Ei±(To;Tr) 

2 

14 

— ♦  oo 

£?O±(0;  Tr^ 

and  Ei±{0;Tr) 

2 

17 

— ►  oo 

Eo±(0;Tr, 

or  £;i±(0;Tr) 

1 

A  strong  caution  is  warranted  concerning  the  preceding  equations,  however.  If  Eqs. 
(12),  (14),  or  (17)  are  applied  for  measurements  just  beneath  the  sea  surface  where  is 
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small,  then  the  estimated  parameters  may  not  be  very  good.  This  is  because  these  equations 
are  based  on  the  assumption  that  the  radiance  is  in  an  asymptotic  distribution  at  all  depths; 
only  under  very  special  circumstances  does  this  occur. Thus  Eqs.  (12),  (14),  and  (17)  are 
better  used  at  depths  Xr  below  which  the  radiance  can  be  assumed  to  be  nearly  asymptotic. 

Admittedly  the  asymptotic  algorithm  of  Eqs.  (12)  has  limited  utility  in  situations 
where  the  source  profile  5(r;rr)  changes  with  depth  in  a  manner  requiring  more  than  the 
four  coefficients  that  can  be  determined  by  using  Eqs.  (12).  In  those  instances  a  more 
complicated  algorithm  is  needed  that  requires  the  measurement  of  the  radiance  at  each 
boundary.  A  straight-forward  application  of  the  above  procedure  to  Eqs.  (10)  does  not 
eliminate  the  coefficients  A{±i/j)  and  A{u),  however,  so  a  different  approach  is  currently 
under  investigation. 


4.  SOME  NUMERICAL  TESTS  OF  THE  ONE-LEVEL  ALGORITHM 


For  a  set  of  simple,  extreme  tests  of  the  errors  from  the  algorithm  as  given  in  Elqs.  (16) 
and  (17),  we  consider  a  semi-infinite,  homogeneous  medium  and  attempt  to  estimate  the 

coefficient  Qq  using  one  detector  just  beneath  the  sea  surface  (which  serves  as  the  reference 
position  SOT  =  Tr  =  0).  With  this  extreme  test,  we  will  be  applying  the  asympotic  algorithm 
outside  of  its  normal  range  of  validity,  but  in  this  way  we  can  examine  the  errors  analytically. 
We  will  assume  the  experiment  would  be  done  when  there  is  no  surface  illumination,  so 
that  f;o+(0;0)  =  £;i+(0;0)  =  0,  and  that  the  source  is  actually  given  by  5(r)  =  Qo  + 
QiT.  Since  we  assume  that  the  scattering  is  at  most  linearly  anisotropic,  the  upward  scalar 
irradiance  and  irradiance  can  be  conveniently  expressed  in  closed  form  in  terms  of  the 

moments  a„  =  Jq  n  =  0,1,  of  Chandrasekhar’s  77- function. After  some 

tedious  manipulations  these  “measured”  irradiances  can  be  shown  to  satisfy 


Eo-{0;0) 

Ei-{0;0) 


1  r  /  3 

I  [  ^  302^1  (2-u>ao)Qi 

2  —  woo  L  ^  ^  hohi 


(18a) 

(18b) 


In  deriving  Eq.  (18a),  for  example,  the  following  identities  have  been  used  (Ref.  14,  Sec. 
46.2): 


2  —  woo  —  3w /i/io02  -f-  2 


O  O 

4oo  —  4  =  woq  -I-  3w  fihooci . 


(19«) 

(19b) 


With  the  substitution  of  E„+(0;0)  =  0  and  Eqs.  (15)  and  (18)  into  Eqs.  (17)  it  follows 

that 


Qo 

Qo 


2hQao 


Po 


(2  -  woo)  (1  -  Po) 
4hooi  Pi 


1  -I-  f  ^  ^o-(0;  0) , 

\noni/  aoQo 


(2  -  woo)  (1  +  Pi) 


j  1  /3o2  2  — woo\  Qi 

oi  \  hi  hohi  )  Qo 


using  Ei_(0;0) . 


(20a) 

(20b) 
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The  values  of  /do  and  /di  can  be  computed  from  Eq.  (13)  and  the  equations 

^o±(*'i)  =  {u)vx/2)[^^{l  +  3/iAot/f )  ln(l  T  ,  (21a) 

5i±(«^i)  =  «'i<;o±(«^i)  -  (wt/i.2)(l  ±  3/i/»o*'i/2) .  (21b) 

As  can  be  seen  from  Eqs.  (20),  the  ratio  Qq/Qq  of  the  estimated  source  to  the  actual  source 
magnitude  depends  on  the  inherent  optical  properties  and  Qx/Qo,  the  relative  rate  of  change 
with  depth  of  the  actual  source. 

In  the  simplest  case  of  isotropic  scattering,  2  —  u)olq  —  2hy‘^  from  EJq.  (19a)  and 

Zhy^a^  =  (1  —  Z(jja\lA)  from  Ref.  14,  Sec.  38.  Then  Eqs.  (20)  can  be  simplified  even 
further  to 


Qo 


/3o 

l-/3o 


Oil  Qi 

hy^ao  ^0 


=  2ax 


Pi 

1  +  ^1 


1  +Zu}ot\lAQx 

Zhy^ax  ^0 


(22a) 

(22b) 


The  results  in  Table  4  are  for  the  first  numerical  test  of  Eqs.  (20)  when  it  is  assumed 
that  Qi  =  0  and  the  scattering  is  isotropic;  values  of  ai  were  obtained  from  Ref.  15.  The 
accuracy  of  the  algorithm  using  the  irradiance  detectors  is  very  good  but  using  the  scalar 
irradaince  detectors  is  very  poor.  It  appears  that  the  results  from  Eq.  (22a)  are  too  small 

by  a  factor  of  but  the  cause  for  this  discrepency  has  not  yet  been  determined.  Table 
5  gives  the  coefficients  of  the  terms  proportional  to  QxlQo  in  Eqs.  (22)  and  demonstrates 
that  if  one  assumes  that  the  source  is  spatially  uniform  when  it  is  not,  then  major  errors 

will  arise  when  estimating  Qo  unless  QxlQo  is  small. 

Table  4.  The  ratio  of  the  estimated  spatially-constant  source  to  the  actual  spatially-constant 
source  (i.e.,  Qj  =  0)  when  the  scattering  is  isotropic. 

Qo/Qo  Qo/Qo  QolQo  Qo/Qo 


u 

from  Eq.  (22a) 

from  Eq.  (22b) 

from  Eq.  (22a) 

from  Eq. 

0.995 

0.07 

1.00- 

0.7 

0.53 

0.98 

0.99 

0.10 

0.99 

0.6 

0.61 

0.98 

0.95 

0.22 

0.99 

0.5 

0.68 

0.98 

0.9 

0.30 

0.98 

0.4 

0.75 

0.98 

0.85 

0.37 

0.98 

0.3 

0.82 

0.98 

0.8 

0.43 

0.98 

0.05 

1.00- 

1.00- 
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Table  5.  The  factors  Kq  =  ai/(/i^/*ao)  and  Ki  =  (1  +  Zu)a\/ A) / a\)  of  the  terms  in 
Eqs.  (22)  that  contain  Qx/Qq. 


u 

Ko 

in  Eq.  (22a) 

Kx 

in  Eq.  (22b) 

U) 

Ko 

in  Eq.  (22a) 

Kx 

in  Eq.  (22b) 

0.995 

8.04 

8.17 

0.7 

0.96 

1.11 

0.99 

5.65 

5.79 

0.6 

0.82 

0.98 

0.95 

2.47 

2.61 

0.5 

0.73 

0.89 

0.9 

1.72 

1.86 

0.4 

0.66 

0.82 

0.85 

1.39 

1.54 

0.3 

0.61 

0.77 

0.8 

0.96 

1.11 

0.05 

0.51 

0.68 

We  now  check  to  see  if  anisotropic  scattering  significantly  affects  the  results  obtained 
from  Eq.  (22b)  for  isotropic  scattering.  The  results  in  Table  6  again  are  when  Qi  =  0  except 
that  the  scattering  is  now  linearly  anisotropic  with  /i  =  1/3,  which  is  the  largest  possible 
/i  for  which  the  volume  scattering  function  will  everywhere  remain  positive  in  a  linearly 
anisotropic  model.  (The  values  of  ao  and  ai  for  this  case  were  obtained  hrom  Ref.  14,  Sec. 
47.)  We  can  conclude  that  the  accuracy  of  the  algorithm  that  relies  on  the  irradiance  is 
relatively  insensitive  to  scattering  anisotropy. 


Table  6.  The  ratio  of  the  estimated  spatially-constant  source  to  the  actual  spatially-constant 
source  (i.e.,  Qx  —  0)  when  the  scattering  is  linearly  anisotropic  with  fx  =  1/3,  as  obtained 
from  Eq.  (22b). 


u> 

Qo/Qo 

0.975 

0.99 

0.95 

0.98 

0.925 

0.98 

0.9 

0.98 

(jj 

0.8 

0.98 

0.7 

0.98 

0.6 

0.98 

0.5 

0.98 

(j 

0.4 

0.98 

0.3 

0.98 

0.2 

0.99 

As  the  final  set  of  tests,  we  examine  the  numerical  results  in  Table  7  from  the  algorithm 
of  Eqs.  (16)  in  which  both  Qo/Qo  and  QxlQo  are  estimated  using  measurements  of  Eo-(0;  0) 

Table  7.  The  ratios  QolQo  and  QxlQo  of  the  estimated  spatially-constant  source  to  the 
actual  spatially-constant  source  (i.e.,  Qi  =  0)  when  the  scattering  is  isotropic,  as  obtained 
from  Eqs.  (16). 


a; 

u; 

0.995 

0.07 

0.11 

0.7 

0.40 

0.54 

0.99 

0.09 

0.13 

0.6 

0.45 

0.55 

0.95 

0.19 

0.31 

0.5 

0.50 

0.55 

0.9 

0.25 

0.40 

0.4 

0.56 

0.52 

0.85 

0.30 

0.45 

0.3 

0.63 

0.47 

0.8 

0.33 

0.49 

0.05 

0.90 

0.14 
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and  Ei_(0;0)  for  the  special  case  of  Qi  =  0  and  isotropic  scattering.  The  equations  are 


QqIQo  = 
Q\IQo  = 


r4(l-hVVo(l-^i) 


U) 


+  3i9i(l  +  0o)ai 


)■ 


12h 


1/2 


(1  - 


1/2 


+  ^l(l  -  /?o)«l 


(23a) 

(23b) 


In  Table  7  Qi/Qo  should  vanish  since  Qi  =  0,  but  this  does  not  occur.  Furthermore,  the 

results  for  Qo/Qo  are  poorer  than  they  were  when  we  assumed  a  priori  that  Qi  =  0  and  used 
the  algorithm  of  Eq.  (17)  to  achieve  the  good  results  of  Table  4  from  an  upward  irradiance 
measurement.  Finally,  to  assess  the  impact  of  not  setting  Qi  =  0  in  Eq.  (16),  for  isotropic 
scattering  we  examine  in  Table  8  the  factor  kq  in  the  equation 


^  ^  Qi 

Qo  Qo  °Qo  ’ 

where  the  first  term  on  the  right  hand  side  is  given  in  Eq.  (23a),  and  where 
KO  =  (2/A)[2^o(l  -  I3i)ai  +  (1+  3a;a;/4)/?i(l  +  ^o)] 
and  A  is  given  in  Eq.  (16). 

Table  8.  The  factor  kq  of  the  term  containing  Qi/Qo  in  Eq.  (24). 


(24) 


u _ 


w 


O’ 


«IL 


0.995 

0.53 

0.85 

0.39 

0.5 

0.27 

0.99 

0.52 

0.8 

0.37 

0.4 

0.24 

0.95 

0.46 

0.7 

0.34 

0.3 

0.20 

0.9 

0.42 

0.6 

0.30 

0.05 

0.05 

As  the  single  scattering  albedo  becomes  small,  when  estimating  Qo  it  is  less  important 
to  incorporate  the  complications  of  Eq.  (16)  instead  of  using  one  of  the  simpler  Elqs.  (22). 


5.  SUMMARY 


An  algorithm  has  been  developed  for  estimating  a  few  coefficients  describing  the  spatial 
distribution  of  an  isotropic  source  from  irradiance  measurements  and/or  scalar  irradiance 
measurements.  The  advantage  of  the  algorithm  compared  to  earlier  source  estimation  al¬ 
gorithms  is  that  the  measurements  can  be  made  at  widely  spaced  locations  in  waters  with 
spatially-uniform  inherent  optical  properties,  but  the  disadvantage  is  that  those  optical  prop¬ 
erties  must  be  known.  The  algorithm  is  based  on  the  assumption  that  the  radiance  is  in  the 
asymptotic  regime.  Tests  for  an  extreme  case  when  the  numerically-simulated  radiance  is 
not  asymptotic  showed  that  the  accuracy  of  the  algorithm  using  only  irradiance  detectors  is 
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very  good  for  estimating  a  spatially  uniform  source,  for  example,  but  the  accuracy  is  very 
poor  using  scalar  irradiance  detectors. 

Numerical  tests  will  be  done  for  more  realistic  waters  and  source  conditions. 
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ABSTRACT 


In  this  paper  a  method  is  proposed  on  how  to  extract  cylinders  from  single  two-dimensional  images.  The  operator 
restricts  the  search  area  for  the  image  ellipse  from  the  projected  cylinder,  and  a  least-square  ellipse  is  obtained 
and  irerified  by  the  operator.  By  knowing  the  radius  and  length  of  the  cylinder,  an  algorithm  using  projective 
geometry  back  projects  the  image  ellipse  to  a  circle  in  three-space.  The  center  and  normal  vector  to  this  circle 
are  obtained.  If  both  cylinder  tangents  are  visible,  a  better  estimate  of  cylinder  axis  is  obtained.  From  this  a 
synthetic  cylinder  is  computed  and  projected  onto  the  original  image.  If  the  synthetic  cylinder  is  a  good  fit,  it  is 
transferred  to  a  CAD  model  of  the  environment,  which  is  updated.  The  operator  receives  an  updated  version  of 
the  environment,  which  either  includes  a  new  cylinder  or  a  better  pose  estimate  of  one  of  the  previous  identified 
cylinders. 


1  INTRODUCTION 


Object  recognition  is  useful  for  maneuvering  a  vehicle  in  an  unknown  environment.  A  three-dimensional  maq>  of 
the  environment  can,  with  the  help  of  an  operator,  be  made  from  a  set  of  monocular  images.  In  an  environment 
of  tubes  and  pipeline  structures,  it  is  advantageous  of  being  able  to  map  cylinders.  A  major  advantage  for 
an  ROV  (Remotely  Operated  Vehicle)  operator  is  to  have  a  view  of  the  environment  he  is  working  in.  The 
environment  for  an  ROV  operator  working  on  oil-installations  will  consist  of  man-made  objects,  which  can  be 
modeled  as  objects  with  planar  surfaces  and  cylinders.  A  method  of  obtaining  the  pose  and  shape  of  planar  objects 
(cubes,polyhedra,tetrahedra  etc.)  was  presented  in‘^  as  part  of  the  MOBATEL  (Model  BAsed  TELeoperation  of 
an  underwater  vehicle  over  a  narrow  band  communication  link)  program.^ 

In  this  paper  a  method  of  obtaining  the  pose  of  a  cylinder  is  presented,  where  the  length  and  radius  of  the  cylinder 
are  assumed  to  be  known.  By  using  a  single  camera  and  "seeing”  the  top  or  bottom  profile  of  a  cylinder,  the  pose 
can  be  uniquely  determined.  If  also  the  cylinder  tangents  are  visible,  a  better  pose  estimate  can  be  obtained.  The 
method  is  described  in  figure  1 .  The  projected  top  or  bottom  of  the  cylinder  is  an  ellipse  in  the  image  plane.  This 
ellipse  is  obtained  by  sampling  all  pixels  in  the  relevant  area  which  have  a  large  pixel  gradient  magnitude.  These 
pixels  represent  the  image  ellipse  and  by  computing  the  least-squares  ellipse  from  these  points,  our  synthetic 


aS194-1S74-XI94l$6.00 


SPIE  Vol.  2258  Ocean  Optics  XII  (1994)  /  723 


ellipse  is  obtained.  The  synthetic  ellipse  is  projected  onto  the  original  image  and  verified  by  the  op^atw.  If  the 
operator  accepts  it  as  a  good  fit,  a  method  of  back  projection  an  ellipse  in  2D  to  a  circle  in  3D^  is  used  to  obtain 
the  position  and  orientation  of  the  cylinder. 


Regionize  the  eHipae  following 
the  operator’s  "brash" 


rekvMticgkns 


Figure  1:  The  process  of  finding  cylinders 


2  OBTAINING  IMAGE  ELLIPSE 

An  ellipse  in  a  real  Euclidean  plane  can  be  described  as  a  plane  cutting  a  conic.  The  ellipse  equatimi  for  the 
plane  z=l  is 

a*’  +  bxy  +  cy*  +  d*  +  ey  +  /  =  0  (1) 

There  are  various  ways  of  obtaining  the  image  ellipse.  A  commonly  used  method  is  the  Generalised  Hough 
TVansform**.*  The  method  has  in  spite  of  efficient  algorithms  large  computational  complexity.  Since  we  have  an 
operator  available,  he  can  fast  obtain  regions  of  interest  and  thus  save  unnecessary  computations. 


2.1  Ellipse  through  five  points 

A  fast  way  is  to  let  the  operator  mark  5  points  on  the  ellipse.  This  provides  a  solution,  but  it  is  highly  dependent 
on  the  operator’s  accuracy.  From  projective  geometry  we  have  Pascal’s  theorem’: 

Theorem  1 .  //  a  hexagon  i$  inscribed  tn  s  conic,  the  three  pairs  of  opposite  sides  meet  in  cotHnear  points.  Tliis 
theorem  enables  us  to  draw  a  conic  through  5  given  points  in  the  real  Euclidean  plane  ,  no  four  of  which  are 
collinear.’  The  5  points  uniquely  define  a  conic  in  the  projective  space  page  369.  See*’  for  details. 
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2.2  Least  squares  ellipse 


If  we  obtain  a  number  >  5  of  points  on  the  image  ellipse,  we  can  find  the  least-squares  ellipse.  The  operator 
can  either  mark  out  a  number  of  points  which  are  on  the  ellipse  or  mark  out  regions  of  interest  for  which  an  edge 
operator  can  obtain  the  points  on  the  ellipse.  Given  equation  1,  we  divide  by  /  and  say  that  we  obtain  a  series 
of  points  which  each  has  an  error  e.  We  can  write  the  ellipse  equation  as: 

ax*  +  bxy  +  ey^+dz  +  ey+l=E  (2) 


To  find  the  least  squares  estimate  of  the  ellipse,  we  simply  minimize  the  quadratic  error  by  differentiating  ee*  by 
each  variable. 


d{ee*)  dice*)  d{ee*)  diee*)  diee*) 

da  dh  dc  dd  de 

FVom  this  a  set  of  linear  equations  for  n  points  in  the  neighborhood  of  the  ellipse  is  obtained. 


■  <  x?  >  <  xfifc  >  <  x?y?  >  <  xf  >  <xjyi>  ' 

a 

-<xf> 

<  xfyi  >  <  xjy}  >  <  Xjyf  >  <  xjyt  >  <  x,y?  > 

b 

-  <  XitH  > 

<  xjyf  >  <  x.!^  >  <  y?  >  <  Xiyf  >  <  yf  > 

c 

= 

-<i^> 

<xf  >  <  xfyi  >  <  Xitfi  >  <  X?  >  <  Xijfi  > 

d 

-  <Xi> 

<  xfyi  >  <  Xiiif  >  <  id  >  <  Xij/i  >  <yi> 

e 

-<  Vi  > 

where  <  xj  >=  jf  xj  etc.  The  notation  is  similar  to*  chapter  12. 


This  can  be  represented  as: 


y  =  *9 


Provided  4  is  invertible,  the  estimated  parameters  are  obtained. 


(3) 


(4) 


(5) 


3  ELLIPSE  PRESENTATION 


When  the  ellipse  parameters  are  found,  the  synthetic  ellipse  is  reprojected  onto  the  original  image.  The  operator 
can  either  accept  or  reject  the  synthetic  ellipse  based  on  the  fit.  The  transformations:  Size,  sh^e,  rotation  and 
translation  are  obtained  using  the  following  methods. 

The  ellipse  equation  in  matrix  form  is: 

x‘Ax  +  Kx  +  f  =  0  (6) 

By  applying  Principle  Axes  Theorem,'  given  in  Appendix  A,  eigenvector  matrix  P  and  eigenvalues  Ai,A2  are 
obtained  and  we  get: 

Aix*  +  Ajy*  +  </x  +  ey  +  /  =  0  (7) 

P  can  also  be  obtained  directly  as  in*: 

_  f  eos($)  -sin(tf)  1  ... 

^ "  [  siniO)  co8{9)  \ 
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where 


e  = 


FVom  equation  7  we  complete  the  squares  to  obtain: 


(9) 


Aii*  +  =  r 

Now  since  the  ellipse  in  ft’  can  be  written  as 

-  +  ^  =  1 

we  can  compare  the  equations  10  and  11  to  find  the  size,  shape,  rotation  and  translation  of  the  ellipse. 

~  4Ai  4A2  ^ 

x  =  i  +  Ct 

y  =  y  +  cy 


(10) 

(11) 

(12) 

(13) 

(14) 


3.1  Ellipse  IVansformation 

The  ellipse  on  a  quadratic  form  in  it3 


x*Ax  = 


X 

y 

z 


A[x  y  r ] =0 


Starting  with  the  circle  centered  at  the  origin,  we  get  A  = 


1  0  0 

0  1  0 

0  0-1 


=  S. 


S  represents  the  quadratic  form  of  a  circle  and  A  =  N*SN  transforms  the  circle  into  an  ellipse. 
The  size  and  shape  are  determined  by  altering  an  and  022  in  A,  where 


L  = 


0 

0 

1 


(15) 


(16) 


A  3  by  3  matrix  E  is  defined  based  on  the  eigenvector  matrix  P  in  equation  8,  which  corresponds  to  the  rotation 
around  z-axis  of  the  image  plane. 


E  = 


Pii  P21  0 
P\2  P37  0 
0  0  1, 


(17) 
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A  translation  matrix  can  be  defined  as 


■  1  0  0 

r=  0  1  0 

d  i  I 

2Ai  2Aa  * 


A  general  transformation  will  be  a  concatenation  of  the  mentioned  matrices,  and  we  get  the  quadratic  equation: 

X*ET*L*SLTE*X  =  X*N*SNX  =  0  (19) 


"11 

"12 

0 

"21 

"22 

0 

"31 

"32 

1 

When  N  is  found  the  parameterization  of  the  ellipse  is  just: 


"11 

"12 

0  ■ 

"21 

"22 

0  (20) 

"31 

"32 

1 

where  t  c  [0..2s'].  A  similar  derivation  can  be  found  in**’  chapter  7.1. 

4  BACK  PROJECTION  OF  AN  ELLIPSE  IN  A  PLANE  TO  A 

CIRCLE  IN  THREE-SPACE 


If  we  have  our  own  position  and  orientation  from  a  model,  we  can  by  knowing  the  circle’s  radius,  find  its  center 
and  normal  vector  from  only  one  image^*^.^  There  are  2  solutions  for  inverting  the  perspective  projection  for  an 
ellipse,  which  is  known  coming  from  a  circle.  One  of  them  can  easily  be  rejected  when  it  is  back  projected  on  the 
image  plane.  Following  Ferri’s  approach  of  using  Projective  Geometry,  we  describe  the  conic  with  the  origin  as 
vertex: 

#  =  az*  +  bxy  +  cxz  +  dj^  +  eyz  +  fz^  =  0  (21) 

This  can  be  represented  in  matrix  form  as  XMX^ ,  where 


"  n  ^  ® 

*  2  5 

M=  \  d  \ 


«  «  / 
2  2'' 


The  absolute  circle  is 


©  =  z2  +  y*  +  z’  (23) 

Consider  all  conics  that  intersects  the  conic  at  infinity  and  the  absolute  circle.  The  solution  is: 

#  -  t©  =  0  (24) 

for  a  suitable  Is  €  It.  This  gives  at  most  two  planes  which  can  be  coincident,  k  represents  one  of  the  maximum 
three  roots  of 

|Af-ifcJ3i  =  0 

We  compute 

|M  -  ib/g  -  A/al  =  -A^  +  6jA2  +  6iA  +  6o 
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The  k  satisfying  6o  =  0  and  6i  >  0  is  the  correct  value  in  equation  24.  The  solution  of  equation  24  is  a  quadratic 
form,  which  can  be  decomposed  into  two  linear  forms  representing  the  two  possible  normal  vectors  of  the  circle. 

viu>2  =  a  —  k 

«ju>j  =  d  —  k 

«3««3  =  /  -  * 

vi«>2  +  »at»i  =  h/2 

v\W3  +  vawi  =  c/2 

t;ju;3  +  wstcj  =  e/2 


These  6  nonlinear  equations  can  be  solved  by  the  equations: 


(d  -  k)wj  +  (a  -  k)wl  -  =  0  (25) 

(f  -  k)wl  +  (a  -  k)wl  -  ^wiW2  =  0  (26) 

(/  -  k)wl  +  (d  -  k)wl  -  |w2u;3  =  0  (27) 

FVom  equation  25  we  get  wj  =  AiWi  or  W3  =  A^wi  and  for  the  other  two  equations  we  get  wi  =  B1W3  or  wi  = 
B^wz,  and  ws  =  C\Wz  at  wz  —  CzWz,  leaving  us  with  8  possible  solutions.  Since  W3  =:  Aw\  =  ABwz  =  ABCwz 

ABC  =  1  (28) 

must  be  satisfied.  This  eliminates  6  out  of  the  8  solutions.  The  two  we  are  left  with  will  give  the  same  vectors. 
By  letting  ws  =  1,  we  can  solve  for  Wi  and  wz.  We  substitute  into  the  original  equations  to  obtain  [vi,  V3,  vs]. 

V  and  to  represent  the  normal  vectors  to  the  circle  in  three-space.  Only  one  of  the  vectors  give  the  true  solution. 
We  now  want  to  find  the  circle  center  in  3D.  Let  E  be  the  orthogonal  matrix  with  respect  to  the  normalised  o 
or  ID.  The  matrix  is  composed  of  either  «  or  w  in  the  third  row.  The  other  two  rows  are  vectors  found  from  the 
null-space  of  v  or  w.  In  the  new  reference  frame  where  the  circle  is  pointing  towards  the  s-axis,  M  =  EMEF  . 
In  let  Z,)  be  the  center  of  the  circle  Q,  where  the  plane  where  0  lies  on  has  the  equation  z,  =  Z,.  The 

equation  of  the  cone  is  generally  for  Z  >  0 

X'^  +  Y^-  =  0  (29) 


Z  coincides  with  r,  and 


X  = 


n  Z, 


Y  = 


X.  z. 


By  substituting  into  equation  29  we  obtain 


(30) 
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We  can  from  this  obtain  the  associated  M. 


M  = 


0 

1 


2,  T.  i) 


therefore 


Also 


Z»  =  -F: 


|mii|A 


\/^?3  +  ™33  “  ^11>™33 


X  = 

mil 

y.  =  -z,^ 

mu 


If  this  is  substituted  from  ^  into  the  original  reference  frame,  the  circle  center  is  obtained: 


r  ^  ,,  r,  ^  -8tgnimti)R  f  ^  ^  ^  i  c> 

[  Ae  Ye  Ze  \  =  , - [  “”*13  “”*23  ”*11  J  A 

^mfa  +  mja  -  mii»n33 

5  FINDING  THE  CYLINDER  POSE 


(31) 


(32) 


(33) 


For  a  cylinder  in  space,  we  define  8  parameters:  Length,  radius,  cylinder  axis  (xi,yi,  ri)  andbasepoint  (Xi,yi,Zi). 
If  the  image  contains  an  end  of  the  cylinder,  this  can  give  us  both  the  cylinder  axis  and  basepoint  using  the  tech¬ 
nique  in  the  previous  section.  The  remaining  unknowns  R  and  L  can  be  found  from  a  model  when  the  operator 
recognizes  what  kind  of  cylinder  it  is.  We  continue  using  both  vector  solutions,  and  by  projecting  them  onto 
the  original  image,  one  of  them  can  easily  be  rejected,  and  if  the  projected  synthetic  cylinder  match  the  original 
image,  the  pose  determination  are  assumed  to  be  successful. 


5.1  Obtaining  the  synthetic  cylinder 


From  the  solutions  of  the  back  projection,  two  normal  vectors  and  centers  of  the  circle  are  obtained.  The 
respective  cylinders  are  developed  along  the  negative  normal  vectors  with  length  L.  The  rotations  of  the  cylinders 
with  respect  to  the  viewer  is  for  rotation  ^  around  the  x-axis: 


01  =  tan  * 

^ (5) 

and  for  9  around  the  y-axis: 

*'■  =  (S) 

$2  =  tan“‘ 
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Figure  2:  Edge  pixels 


Figure  3:  Synthetic  ellipse 


5.2  Cylinder  tangents 

Ferri^  described  a  method  on  how  to  extract  the  cylinder  axis  from  its  tangents  in  the  image  plane.  If  the  lines 
describing  the  tangents  are  represented  by  the  normalized  vectors  n,  and  n,,  the  cylinder  vector  as  described 
in  the  previous  section;  m  or  «  =  n,  +  nj.  If  both  tangents  are  available  in  the  image,  this  can  most  often  tell 
whether  the  u  or  o  vector  represent  the  true  solution. 


6  PROGRAM  AND  OPERATOR  INTERACTION 


The  operator  receives  an  image,  and  he  decides  what  sort  of  object  he  is  looking  for.  In  this  case  it  is  a  cylinder. 
The  threshold  level  of  the  pixel  gradient  is  set  by  the  operator,  so  only  the  edge  pixels  are  considered.  To  sample 
the  ellipse  data,  the  cursor  works  like  a  "brush”.  First  the  path  following  the  operator’s  cursor  is  traced.  Then 
the  path  is  divided  into  squares  of  overlapping  regions,  8x8  or  16x16  pixels,  which  will  contain  the  path.  The 
region  size  is  set  by  the  operator. 

For  all  pixels  in  all  regions  selected,  the  pixel  gradients  are  computed.  The  pixels  with  gradient  level  greater  than 
the  threshold  are  entering  a  list  of  ellipse  edge  candidates.  Now  since  the  regions  are  quite  small,  the  amount  of 
ellipse  edge  pixels  in  each  region  is  very  few.  If  one  region  has  many  pixels  with  high  pixel  gradient,  only  the 
pixels  with  highest  pixel  gradient  will  be  considered  as  ellipse  edge  pixels.  A  test  is  also  made  to  avoid  edge  pixels 
of  occurring  twice.  See  figure  2. 

From  ellipse  edge  pixels,  the  least-squares  ellipse  is  produced,  using  methods  mentioned  in  2.2.  The  5  parameters 
are  then  used  to  obtain  the  matrix  M  in  equation  20  from  methods  described  in  section  3.  The  synthetic  ellipse 
is  displayed  onto  the  image  as  in  figure  3,  and  the  operator  decides  if  it  is  a  good  fit  or  not.  He  can  either  start 
a  new  trace  with  new  parameters  or  continue. 

From  ellipse  parameters,  the  position  and  orientation  are  determined  for  the  circle  in  three-spsMre  with  two  solutions 
based  on  the  method  in  section  4.  The  cylinders  are  developed  using  the  method  in  section  5,  and  the  operator 
can  in  most  cases  reject  one  of  the  solutions  as  in  figure  4  and  figure  5.  The  solutions  will  coincide  when  the  circle 
normal  is  orthogonal  to  the  image  plane. 

If  the  operator  is  satisfied  with  the  projection  of  the  synthetic  cylinder  onto  the  image,  he  exports  the  8  parameters 
to  the  model  database.  The  pilot  can  use  these  data  either  to  update  his  environmental  model  with  the  new 
cylinder,  or  make  an  update  of  one  of  the  previous  defined  cylinders. 
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Figure  4:  Two  possible  s(>iutions 


Figure  5:  The  solution 


7  EXPERIMENT  AND  RESULTS 

The  vision  system  was  implemented  using  a  Silicon  Graphics  Indigo  workstation.  Software  was  written  in  C  and 
C++.  Our  camera  is  a  Pulnix  TM-765  with  a  12.5  mm  lens.  We  tried  the  algorithms  on  3  objects,  each  with 
different  radius  and  length.  See  figure  6. 


Figure  6:  Experiment  setup 

Object  1  was  a  polystyrene  cylinder  with  R  =  7.5  cm  and  L  =  27  0  cm.  Object  2  was  a  tape  roll  with  R  =  5.1 
cm  and  L  =  5.2  cm.  Object  3  was  a  cup  with  R  =  4.0  cm  and  L  =  9.2  cm.  The  distance  from  the  common 
ground  to  the  camera  was  120  cm.  Since  the  object  and  camera  position  was  calibrated,  we  could  calculate  the 
error  between  the  measured  (m)  and  estimated  cylinder  axis  direction  (est)  with  respect  to  the  camera.  Given  the 
estimated  depth  to  the  top  of  a  cylinder,  the  depth  to  the  ground  from  the  camera  was  calculated  and  compared 
with  the  measured  distance.  The  results  are  shown  in  table  1  to  3. 

The  results  are  satisfactory  with  respect  to  depth,  but  the  error  in  the  cylinder  axis  can  be  improved  either  by 
using  other  ellipse  finders**’^  or  make  use  of  the  tangents  to  the  cylinder,  when  they  are  visible.  Object  1  was 
partially  occluded  when  the  depth  was  at  100  cm,  and  thus  the  error  in  cylinder  axis  was  large. 
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Table  1:  Object  1 


Table  2:  Object  2 


Object  S 

Position  and  ang 

es  with  respect  to  camera  \ 

Depthfn  (cm) 

0e$i  (deg) 

120 

124 

1.4 

-4.1 

-4.5 

-3.1 

120 

122 

1.4 

2.8 

-4.5 

4.7 

120 

119 

1.4 

-4.4 

-4.5 

3.4 

100 

103 

1.7 

-0.1 

-5.5 

1.1 

100 

103 

1.7 

-4.1 

-5.5 

-1.9 

100 

101 

1.7 

0.1 

2.1 

80 

81 

2.1 

-0.9 

-6.8 

3.0 

80 

82 

2.1 

-6.8 

-1.8 

80 

81 

2.1 

-6.8 

0.2 

Table  3:  Object  3 
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CONCLUSION  AND  FURTHER  RESEARCH 


From  one  image  knowing  the  radius  and  length  of  the  cylinder,  the  orientation  and  position  of  the  cylinder  is 
found  with  respect  to  camera  position.  By  having  an  operator  who  can  compare  the  synthetic  projections  to  the 
real  images,  we  are  able  to  use  CAD-based  tools  for  mapping  and  refining  the  pose  of  the  cylinders  in  the  ROV 
environment.  A  limitation  is  that  we  have  to  see  one  of  the  end  sides  of  the  cylinder.  If  the  cylinder  tangents  are 
visible,  there  is  an  improvement  in  the  accuracy  of  the  estimated  cylinder  axis.  However  a  possibility  of  using  a 
laser  plane  to  extract  radius  and  elliptic  features  from  the  cylinder  is  considered  for  future  research. 
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A  Principle  Axes  Theorem  for  31?^ 


Let 


az^  +  26x1/  +  +dx  +  ey  +  f  =  0 


be  the  equation  of  the  conic  C,  and  let 


x*Ax  =  ax*  +  26x1/  +  cy* 

be  the  associated  quadratic  form.  Then  the  coordinate  axes  can  be  rotated  so  that  the  equation  C  in  the  new 
xi^coordinate  system  has  the  form 

Aix*  +  A21/*  +  dx  +  ey  +  /  =  0 

where  Ai  and  Aj  are  the  eigenvalues  of  A.  The  rotation  can  be  accomplished  by  the  substitution 

*  =  Px 

where  P  orthogonally  diagonalizes  x*Ax  and  det(P)  =  1. 
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ABSTRACT 

Knowledge  of  the  intensity  and  polarization  of  light  scattered  from  marine  aerosols  can  aid  in  understanding  (1) 
visibility  and  propagation  of  light  in  the  marine  boundary  layer  (MBL),  (2)  composition  and  variability  of  marine 
aerosols,  and  (3)  formation  and  disappearance  of  marine  aerosols.  This  p^ier  investigates  the  variation  in  die 
polarization  properties  of  light  scattered  by  aerosols  in  the  MBL  arising  from  various  aerosol  sources  and 
environmental  conditions.  Mie  scattering  models  of  Gaussian  and  log  normal  distributions  of  spheres  and 
combinations  thereof  were  used  to  calculate  the  polarization  properties  of  light  scattered  from  various  models  and 
from  experimentally  determined  distributions  of  aerosols  in  die  marine  boundary  layer.  The  results  of  the  models 
were  verified  by  comparison  to  scattering  from  (1^4)2804  particles,  a  component  of  aerosols  in  the  MBL  that  is 
nearly  spherical  and  readily  generated  in  the  laboratory.  Hie  modelling  experiments  will  be  used  to  eiqilore  the 
variability  of  the  polarization  light  propagating  in  the  MBL.  Calculations  indicate  that  scattering  by  aerosols  is 
distincdy  not  Rayleigh-like.  The  polarization  properties  of  light  scattered  in  the  MBL  vary  with  size,  refractive 
index,  and  number  distributions  of  particles  in  the  MBL.  These  differences  should  be  instrumentaUy  detectable  and 
could  be  important  for  visibility. 


1.  INTRODUCTION 

Particles  in  the  MBL  affect  visibility,  cloud  formation,  radiative  transfer,  and  the  heating  and  cooling  of  the  earth. 
Dense  MBL  hazes  modify  the  propagation  of  sunlight  effecting  both  the  intensity  and  polarization  of  light 
reaching  the  sea  surface.  Both  these  quantities  must  be  included  in  radiant  transfer  calculations  at  the  surface  of 
and  within  the  ocean.'-^  Aerosols  in  the  MBL  affect  visibility  because  the  scattered  light  reduces  the  contrast 
between  the  viewed  scene  and  the  background.  Near-forward  scattered  light  is  the  most  effective  in  reducing 
contrast  of  a  naturally  lighted  scene  and  thus  is  dominated  by  the  large  particles  in  the  aerosol.  If  the  scene  is 
illuminated  by  a  source  near  the  detector,  backscattered  light  is  most  important  in  reducing  contrast  Conversely, 
simlight  or  moonlight  scattered  into  the  detector  from  along  the  target-detector  path  also  reduces  contrast  Since 
this  scattering  can  occur  at  any  angle,  it  can  be  caused  by  particles  of  nearly  any  size.  Thus,  depending  on  the 
situation,  aerosol  particles  of  all  sizes  are  important  in  determining  visibility. 

The  angular  dependence  of  the  linear  and  circular  polarization  of  light  scattered  by  the  MBL  provides  the  most 
complete  information  regarding  the  aerosol  characteristics  obtainable  by  remote  sensing.  Measurements  of  the 
polarization  properties  of  aerosols  can  be  used  to  infer  effective  size  distribution  and  refractive  index  of  marine 
aerosols,  without  the  problems  of  collection  devices.  The  limited  research  on  the  scattering  properties  of 
atmospheric  aerosols  has  been  primarily  with  terrestrial  aerosols.^  Few  studies  have  investigated  the  polarization 
properties  of  scattered  light  in  marine  aerosols^’’  and  even  fewer  using  the  fullest  description  of  the  polarization  as 
embodied  by  the  Mueller  scattering  matrix  formalism.^^ 

This  formalism  represents  all  the  available  polarization  information  of  the  scattered  light  as  a  function  of  angle. 
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Past  measurements  of  the  polarization  properties  of  atmospheric  aerosols  have  been  very  limited  and  most  of  those 
involved  monostatic  lidar  measurements  that  do  not  treat  angle  dependence.  Hansen  and  Evans^  presented  angle- 
dependent  measurements  of  four  elements  of  the  Mueller  matrix.  These  measurements  were  taken  on  urban  aerosols 
drawn  into  a  laboratory  nephelometer  and  presented  without  normalization  or  phase  information. 

Factors  important  in  formation  of  aerosols  in  the  MBL  include  the  physical,  chemical  and  biological  conditions  of  the 
underlying  ocean,  meteorological  processes  (temperature,  humidity,  wind  and  cloud  conditions)  and  terrestrial 
(both  natural  and  anthropogenic)  inputs.  Marine  sources  include  condensation  of  water  viq)or  and  gases  from 
biological  ocean  sources,  aqueous  salt  aerosols  from  the  wind-sea  interface,  and  settling  from  the  troposphere.  Under 
normal  conditions,  the  main  constituents  of  aerosols  over  the  ocean  include  water,  sea  salt,  non-sea-salt  (nss)  sulfate, 
mineral  dust,  a  small  fraction  of  nitrates,'*-’  and  organic  matter.”  The  sea  salt  component  is  believed  to  make  up  the 
coarser  fraction  of  the  aerosols  (r  >  0.3  pm),  while  non-sea-salt  sulfates,  continental  aerosols,  and  organic  matter 
contribute  to  the  smaller  fractions.  The  size  distribution  of  the  smaller,  nss  marine  aerosols  in  the  MBL  has  been 
described  as  bimodal  with  the  smallest  particles  (r„,^  ^  0.03  pm)  made  up  of  gas-phase  reaction  products  such  as 
H2SO4,  or  (NH4)2S04  probably  derived  from  marine-generated  dimethyl  sulfide,'”  H2S  or  continentally-derived 
aerosols."  The  term  r„,^,  refers  to  the  radius  of  the  particles  whose  number  density  is  greatest  in  a  log  normal 
distribution. 

in  the  coastal  zone,  particles  of  varying  optical  properties  are  introduced  into  the  MBL  by  various  sources  including 
anthropogenic  sources  of  pollution  and  smoke  (from  ships,  fires,  coastal  industries,  etc.),  natural  continental  dusts, 
volcanic  emissions,  and  virtually  any  terrestrial  source,  in  addition  to  the  aerosols  normally  observed  over  blue  ocean 
regions.  The  influence  of  coastal  aerosols  extends  for  great  distances  to  sea  depending  on  prevailing  winds  and 
weather  conditions.  A  major  factor  in  determining  the  polarization  properties  of  aerosols  in  the  MBL  involves  the 
relative  importance  of  terrestrial  sources. 

The  particles  resulting  from  all  sources  may  be  homogenous  or  inhomogeneous  and  of  varying  size,  composition,  real 
and  imaginary  refractive  index,  and  shape.  Each  component  of  an  MBL  aerosol  has  different  optical  properties,  causing 
varied  polarization  effects  from  the  resulting  aerosol. 

This  paper  presents  calculations  of  scattering  in  terms  of  normalized  Mueller  matrix  elements  based  on  aerosol 
characteristics  derived  primarily  from  measurements  that  did  not  involve  light  scattering.  The  calculations,  which 
predict  the  light  scattering  behavior  in  the  MBL,  permit  determination  of  the  most  important  polarization 
characteristics  and  their  effect  on  light  propagation  and  visibility.  These  predictions  can  be  used  to  understand  the 
probable  scattering  behavior,  but  they  should  be  verified  with  field  measurements.  The  calculations  may  also  be  used 
to  identify  critical  polarization  phenomena  of  interest  to  determine  visibility  in  the  MBL. 

1.1  Model  of  Aerosols  in  the  MBL.  A  number  of  models  have  been  developed  to  describe  the  size  and  composition 
of  marine  aerosols.  Some  are  relatively  simple,  such  as  those  of  Diermendjian,^  involving  a  garmna  distribution  of 
a  single  component. 

A  commonly  employed  model  is  that  developed  by  Shettle  and  Fenn."  For  marine  aerosols  the  model  sums  log  normal 
distributions  of  two  components.  The  actual  size  distribution  of  each  component  varies  depending  on  the  source  and 
relative  humidity  (RH).  The  smaller  of  the  two  components  is  a  log  normal  distribution  of  a  rural,  terrestrially-derived 
aerosol  mixture  of  soluble  and  insoluble  matter  -  both  with  «:0.03  pm.  Approximately  70%  of  the  mixture  is  water 
soluble  [(NH4)2S04,  CaS04  and  organic  matter]  and  30%  is  dust-like  aerosols.  The  second  component  is  primarily  a 
sea-salt  mixture  -  r„,^  >=  0.3  pm  at  80%  RH.  The  size  of  the  particles  making  up  each  component  varies  with  RH,  based 
on  Heel's  formulation.'^  The  refractive  index  for  water  was  based  on  the  survey  by  Hale  and  Querry.'’  For  the 
refractive  index  of  sea  salt,  Shettle  and  Fenn  reference  the  work  by  Volz'*  and  Dorsey,”  which  at  0%  RH  is 
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slightly  less  than  that  reported  for  0^4)2804  by  Perry  et  al.^  At  higher  RH,  the  refractive  index  is  a  wei^ted 
average  of  die  refractive  indices  of  water  and  sea  salt  Each  ccnnpcHient  is  treated  as  a  log  normal  distribution  of  single 
spherical  scatterers.  Table  1  presents  the  size,  standard  deviation,  and  refractive  index  for  a  marine  aerosol  based  cm 
this  model  at  a  wavelength  of  5 14  run.  Although  there  is  an  imaginary  part  of  the  refractive  index  for  the  maritime 
component,  the  value  is  so  small  as  to  be  unimportant  in  the  Mie  calculations  (i.e.  <10'^).  The  Shettle-Ferm  model 
weights  the  smaller  component  as  0.99987S  and  the  larger  component  0.000125. 

Table  1.  Input  parameters  for  the  Shettle-Ferm"  model  for  marine  aerosols.  These  were  used  to  calculate  the  effect 
of  humidity  on  the  polarization  of  light  scattered  in  the  MBL. 


a 

n 

Component  1;  Small  Aerosol  Component 

50%  RH 

0.028  pm 

0.003  pm 

0.2  pm 

0.35 

1.52-0.0061 

80%  RH 

0.033  pm 

0.005  pm 

0.2  pm 

0.35 

1.44-0.0041 

99%  RH 

0.053  pm 

0.007  pm 

0.4  pm 

0.35 

1.36-O.OOli 

Component  2;  Maritime  Component 

50%  RH 

0.18  pm 

0.016  pm 

1.0  pm 

0.4 

1.470-0i 

80%  RH 

0.33  pm 

0.04  pm 

2.5  pm 

0.4 

1.355-Oi 

98%  RH 

0.74  pm 

0.07  pm 

5.5  pm 

0.4 

1.337-Oi 

A  mote  recent  "Navy  Oceanic  Vertical  Aerosol  Model"  developed  by  Gathman  and  Davidson  uses  a  four  component 
system,  which  is  a  smn  of  four  log  normal  distributions.'^  While  this  model  introduces  a  greater  complexity  to 
modelling  aerosols  in  the  MBL,  preliminary  calculations  focussed  on  the  Shettle-Ferm  model,  as  it  is  commonly  used, 
and  models  derived  from  eTqrerimental  observations  reported  in  the  literature  (see  below). 

1 2  Experimental  Measurements  of  Particle  Distributions  in  the  MBL.  A  number  of  researchers  (see  the  review 
article  by  Fitzgerald^  have  examined  the  particle  size  distributions  in  the  MBL  with  various  sampling  and  collection 
devices  -  both  at  sea  (fix  example,  Hojqxl  et  al.*)  and  in  the  coastal  zone.”  Most  report  the  predominance  of  the  small 
component(s)  with  r,„od>~  ^  agreonait  with  the  Shettle-Fenn"  and  Gathman-Davidson"^  models  and  a  second 

component  with  somewhat  larger  r„^  generally  in  the  range  of  0.09-0.  IS  pm,  which  is  somewhat  smaller  than  that 
used  in  the  Shettle-Ferm"  and  Navy'^  models.  The  size  distributions  vary  considerably  based  on  hmnidity,  wind 
speed,  and  proximity  to  land.^ 

1 J  Polarization  and  Light  Scattering.  The  polarization  properties  of  light  are  described  by  the  4-element  Stokes 
vector  defined  in  terms  of  the  complex  electric  fields  and  E,  parallel  and  perpendicular  to  the  scattering  plane:'^-'* 

1  =  total  intensity  of  light,  +  Efi*> 

Q  =  ±  90*  polarization,  <E^E^*  - Efi*> 

U  =  ±45*  polarization,  <Efi*  +eJ\*> 

V  =  circular  polarization,  <i(Efi*  -  £,£,*)> 
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The  angular  brackets  indicate  time  averages  and  the  asterisks  denote  complex  conjugates.  The  scattering  of  light  is 
described  by  a  transformation  of  the  Stokes  vector  by  a  4  x  4  Mueller  matrix.  The  Mueller  matrix  associated  with  a 
particular  suspension  of  marine  aerosol  particles  can  be  used  to  describe  and  quantify  the  effects  that  the  suspension 
will  have  on  scattered  light  in  the  MBL.  Various  elements  of  the  Mueller  scattering  matrix  are  useful  to  describe 
attributes  of  the  scatterers,  including  symmetry,  structure,  chirality,  optical  properties,  and  orientation.  In  general, 
eight  of  the  elements  of  the  Mueller  matrix  are  non-zero  for  aerosols  (normalized  by  the  total  intensity;  designated 
as  S^y/Sn  =  S^y)  these  are  Sn,  S12  —  S21,  S22,  S33,  S44,  and  S34  =  -  S43. 

While  terrestrial  atmospheric  aerosols  are  generally  inhomogeneous,  and  some  of  their  components  irregularly-shaped, 
scattering  from  them  has  been  approximated  as  originating  from  distribution  of  spheres.  Measurements  and 
calculations  using  Mie  theory  have  shown  that  an  important  component  of  the  two  smaller-sized  fractions  of  marine 
aerosols,  (NH4)2S04,  is  well  approximated  as  an  ensemble  of  spheres.^ 

The  polarization  properties  of  the  larger  marine  aerosols  (r  >  0.2S  pm)  can  be  predicted  using  Mie  theory  as  long  as 
they  are  nearly  spherical.  The  sphericity  of  these  particles  depends  upon  RH  and  composition.  Whereas  many  sulfates 
appear  to  form  spherical  particles,  dry  NaCl  aerosols  are  cubical,  and  the  scattering  from  ensembles  of  NaCI  crystals, 
roughly  the  size  of  the  sea  salt  component  deviates  significantly  from  that  predicted  for  spheres.^  It  is  probable, 
however,  that  sea  salt  crystals  formed  under  more  humid  conditions  would  be  roughly  spherical. 

Although  it  is  expected  that  a  majority  of  marine  aerosols  can  be  ^proximated  as  ensembles  of  spheres,  deviation  from 
sphericity  can  provide  important  information  regarding  the  properties  of  non-sphcrical  marine  aerosols.  If  the  particles 
have  spherical  symmetry,  then  the  matrix  element  S22  normalized  by  S,,  is  unity.  A  deviation  of  S22  from  unity  has 
been  observed  for  laboratory  aerosols  and  marine  particles.®-' (^nby-Hunt  et  al?°  have  shown  that  it  is  possible 
to  use  the  measured  values  of  S22  to  quantify  and  separate  the  non-spherical  contributions  to  scattering  on  S,,  and  S,2. 


2.  CALCULATIONS  AND  MODEL  VERinCATION 

Mie  scattering  models^"  were  used  to  calculate  the  polarization  properties  of  light  scattered  from  a  variety 
ensembles  of  spheres  and  coated  spheres.  The  LBL  model  predicts  the  polarization  properties  of  light  scattered 
from  sums  of  multiple  components  of  Gaussian,  and  log  normal  distributions  of  spheres  and  coated  spheres.  The 
model  was  verified  using  the  experimental  results  of  Perry  et  al.^  and  unpublished  results  (courtesy  of  D.  Huffrnan) 
for  (NH4)2S04  and  NaCl.  At  both  325  and  633  nm,  the  LBL  model  agreed  with  both  the  (NH4)2S04  data  and  the  earlier 
calculations. 


3,  RESULTS  AND  DISCUSSION 

The  models  were  used  to  predict  the  polarization  properties  of  light  scattered  from  various  distributions  of 
particles  in  the  MBL  representing  a  variety  of  components  observed  in  the  MBL. 

3.1  Deviations  of  MBL  scattering  from  the  Rayleigh  Approximation  and  Variations  with  Humidity.  To 
determine  whether  the  scattering  predicted  by  a  commonly  used  model  (Shettle-Fenn")  for  the  aerosols  in  the 
MBL  deviates  from  the  Rayleigh  approximation  and  varies  with  humidity,  scattering  predicted  for  a  typical  marine 
aerosol  was  calculated  using  the  data  in  Table  1  at  50%,  80%  and  99%  RH.  The  relative  number  concentrations 
were  as  in  Shettle-Fenn,  the  smaller  component  -  0.999875,  the  larger  0.000125.  The  results  are  displayed  in 
Figure  I .  S, ,  is  plotted  by  dividing  the  sums  of  the  single  particle  calculations  by  the  sine  of  the  scattering  angle  to 
facilitate  comparison  with  experimental  data  (the  sine  factor  corrects  for  the  scattering  volume).  Figure  1  shows 
the  deviation  of  the  polarization  from  that  which  would  be  expected  for  Rayleigh  scatterers  in  all  elements. 
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As  Figure  1  shows,  varying  the  humidity  has  a  small  impact  on  the  polarization  properties  at  angles  >  150*.  S„ 
inoeases  with  size  indicating  that  the  size  effect  is  greater  than  the  decreasing  polarizability  caused  by  the  increased 
RH  which  dilutes  the  concentration  of  solute  in  the  particles  lowering  index  of  refraction. 

If  the  relative  number  of  sea  salt  particles  is  increased  (Figure  2),  the  polarization  of  scattered  light  deviates  further 
from  the  Rayleigh  approximation.  Figure  2  compares  the  scattering  e?q)ected  for  the  marine  aerosol  by  the  Shettle- 
Fenn  model"  at  50%  RH  and  that  predicted  when  the  sea  salt  component  is  increased  ten-fold  to  simulate  a  more 
constant  mass  or  Jungian  distribution.  Under  these  conditions,  changes  from  +  to  -  at  roughly  1 50*,  indicating  a 
change  from  horizontal  to  vertical  polarization.  This  increase  in  numbers  of  sea-salt  particles  in  lower  MBL  could 
result  from  increased  wind  and  wave  action. 


0  30  60  90  120  150  180 

Scattering  Angle  (o) 

—  Rayleigh  Scattering 
“  ~  50%  Humidity 


Scattering  Angle  {°) 


Scattering  Angle  (o) 

.  80%  Humidity 

—  99%  Humidity 


Figure  1 .  Comparison  of  scattering  predicted  for  a  marine  aerosol  as  described  in  the  Shettle-Fenn  model' '  for  marine 
aerosols  at  various  humidities  with  scattering  calculated  with  the  Rayleigh  i^proximation.  Details  of  the  Shettle-Feim 
model  is  described  in  the  text  and  Table  1  is  zero  in  the  Rayleigh  approximation). 
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3.2  Models  of  the  Component  with  ~  0.03  pm.  The  above  calculations  demonstrated  that  the  polarization 
properties  of  aerosols  in  the  MBL  are  dependent  on  the  composition  of  the  aerosol.  Several  questions  remained.  One 
question  was  the  veracity  of  the  qrproximation  of  the  smaller  particles  ~  0.03  pm)  as  solid  spheres.  Presumably 

for  the  water  soluble  component,  the  qiproximation  is  valid.  However,  dusts  are  not  necessarily  soluble  and  therefore 
several  other  models  are  possible.  The  dust  may  form  a  nucleus  around  which  a  shell  of  sea  water  forms;  the  dust  may 
remain  undissolved;  or  the  small  component  may  be  well-described  by  the  30%/70%  insoluble/soluble  approximation 
of  Shettle-Ferm."  Calculations  show  that  all  the  above  descriptions  would  be  indistinguishable  given  current 
instrumentation.  S,2,  and  Sj^  for  all  these  possible  models  is  well-described  by  the  Rayleigh  approximation.  S,,  and 
show  some  deviation  from  Rayleigh  scattering  even  though  the  particles  are  l/20th  the  wavelength  of  light, 
deviates  from  zero,  and  the  results  of  the  various  approximations  vary,  but  is  in  all  cases  less  than  1%. 


Scattering  Angle  (o) 


Scattering  Angle  {°) 


—  Marine  aerosol 


Scattering  Angle  (o) 


—  Sea  Salt  10x 


Figure  2.  Comparison  of  the  scattering  predicted  by  the  Shettle-Fenn"  marine  aerosol  at  50%  RH  with  an  aerosol  in 
which  the  sea  salt  number  distribution  is  increased  ten-fold. 


3.3  Comparisons  of  the  Shettle-Fenn  Model  with  Experimentally-Determined  Distributions.  As  noted  above, 
measurements  of  number  distributions  of  particles  in  the  MBL  show  a  component  larger  than  the  Rayleigh-like 
component  (r^^d,  ~  0.03  pm)  and  smaller  than  the  sea  salt  (maritime)  component  of  Shettle  and  Fenn.'*-’-"  The 
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measurements  of  the  small  components  by  Hoppel  et  al.  indicated  a  component  with  r,^  c  0. 1  pm  in  addition  to  a 
smaller  component  with  r^  c  0.02  pm.^  The  exact  r^  and  relative  contributions  of  each  of  these  components  varies 
with  RH,  wind  speed  and  distance  fiom  land.  For  the  purpose  of  conq)arison  to  the  Shettle-Feim  model,  we  calculated 
the  scattering  of  an  aerosol  composed  of  two  components  which  represent  the  average  of  observations  typical  of 
conditions  with  no  continental  influence  (Hoppel  et  al.*)  plus  a  marine,  primarily  sea  salt,  con^x>nent  as  described  by 
Shetde  and  Fenn.  The  refractive  index  for  the  two  smaller  con^nents  was  that  of  (NH4)2S04  at  80%  relative  humidity 
(smallest  component,  t=  0.016  pm;  middle  component,  r„^  s  0.095  pm;  in  proportions  of  about  "ill,  number 
distribution).  The  scattering  predicted  using  the  Hoppel  et  al.  components  differs  significantly  from  that  of  the  Shettle- 
Ferm  model  (Figure  3).  The  degree  of  linear  polarization  {S,^  decreases  significantly  at  90*  and  that  the  peak 
polarization  is  shifted  to  higher  angle.  The  absolute  value  of  is  much  larger. 
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Figure  3.  Comparison  of  the  Shettle-Fenn"  marine  aerosol  with  an  aerosol  made  iq)  of  the  ~0.02  pm  and  ~0. 1pm 
components  observed  by  Hoppel  et  al.*  plus  a  sea  salt  component 
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Sea  salt  is  present  in  the  MBL  in  varying  quantities.  Wind  speed,  sea  state  and  RH  determine  the  size,  sh{q)e, 
distribution,  and  refractive  index  of  the  aerosol.  The  variations  are  infinite.  At  extremely  low  humidities,  the  aerosol 
might  well  assume  the  cubic  configuration  of  its  primary  component,  NaCl.  In  this  case  the  scattering  might  become 
similar  to  that  observed  by  Perry  et  al.\  when  none  of  the  four  matrix  elements,  S„,  S,2,  Sjj,  and  Sj^  can  be  reasonably 
described  by  a  Mie  calculation.^  However,  the  conditions  for  formation  of  the  cubes  measured  by  Perry  et  al*  are 
unlikely  in  the  MBL  (it  required  the  Tucson  desert  and  a  furnace  to  achieve  the  neat  cubes  observed  by  Perry  et  al.). 

A  calculation  of  the  scattering  of  the  Shettle  Fenn"  sea  salt  component  at  80%  RH  shows  (Figure  4)  the  linear 
polarization  is  positive  (horizontal)  and  close  to  zero  until  120*  when  the  polarization  becomes  vertically  polarized 
and  more  intense  reaching  a  maximum  at  about  150*.  At  higher  angles,  the  polarization  returns  to  horizontal 
polarization. 
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Figure  4.  Scattering  of  soot  as  described  by  the  Shettle-Fenn"  model  compared  with  the  scattering  predicted  for  the 
sea  salt  component. 
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3.4  Effect  of  Soot  on  Scattering  in  the  MBL.  To  explore  the  presence  of  a  widely  occurring  and  highly  absorptive 
component  in  the  MBL,  scattering  fix)m  carbon  soot  was  calculated.  In  coastal  areas  and  near  shipping  lanes  soot  can 
be  an  important  component  of  marine  aerosols.  This  component  tends  to  have  an  important  effect  on  the  scattering 
because  the  real  and  imaginary  parts  of  the  refractive  index  are  large.  To  further  complicate  matters,  the  values  for  the 
refractive  index  varies  considei^ly  with  source  of  data,  which  may  indicate  real  variation  among  soots  depending  on 
source.  This  is  probably  due  to  non-fiilly  dense  agglomerations  of  carbon  particles  or  the  presence  of  homogeneous 
low-  to  non-  absorptive  products  in  the  aerosol.  Sampling  and  quantifying  the  amounts  and  density  of  carbon  present 
presents  difficulties.  Table  2  summarizes  some  of  the  data  available  from  particle  measurements  and  pure  carbon. 
Diesel  combustion  products  tend  to  be  in  the  size  range  of  the  small  component  of  the  Shettle-Fenn"  values  The 
refractive  indices  of  pure  carbon  are  closest  to  those  given  by  Arakawa  et 


Table  2.  Various  descriptions  of  soot  used  for  investigating  the  effect  of  varying  refractive  indices  and  distributions 
on  scattering  in  the  MBL.  NOTE:  for  the  first  4  models,  the  reference  refers  to  the  refractive  index;  the  number 
distribution  is  based  on  the  Shettle-Fenn  model.  For  the  Kuwaiti  soot,  the  distribution  was  from  the  literature,  and  the 
refractive  index  was  from  Shetde-Fenn. 


Model 

»• 

*  mode 

r.i. 

r... 

a 

n 

Shettle  Fenn” 
small  component 
large  component 

0.025  pm 
0.43  pm 

0.0035  pm 
0.04  pm 

0.35 

0.4 

1.75-0.45i 

1.75-0.45i 

Arakawa  et  alP  Soot 

as  for  the  two  components  of  Shettle  Fenn 

2.29-0.87i 

Dalzell  and  Sarofim^'* 

Soot 

as  for  the  two  components  of  Shettle  Fenn 

1.7-0.8i 

Batten^^  Soot 

as  for  the  two  components  of  Shettle  Fenn 

1.4-0. 13i 

Kuwaiti^  Soot 

0.2  pm 

0.005  pm 

10  pm 

1 

1.75-0.45i 

The  first  four  models  listed  in  Table  2  varied  only  in  the  refractive  index  (the  ratio  of  small  to  large  component  was 
0.999875  to  0.000125),  The  Shettle-Fenn  refractive  index  is  a  composite  of  a  number  of  observations”;  that  of 
Arakawa  et  alP  is  fiom  arc  evaporated  carbon  films;  Dalzell  and  Sarofim^''  measured  soot  from  acetylene;  and  Batten^ 
measured  soot  from  kerosene.  The  Dalzell  and  Sarofim^'*  description  was  confirmed  by  Pluchino  et  alP  who  measured 
the  angular  distribution  of  the  intensity  of  light  scattered  from  a  isolated  carbon  particle  (r  =  3.06  pm)  determined  by 
electron  microscope  to  be  spherical.  Their  Mie  calculations  of  the  scattering  are  in  excellent  agreement  with  the 
observations. 

The  last  soot  description  is  a  model  based  on  the  size  distribution  observed  by  Parungo  et  alP  of  the  soots  derived 
from  the  oil  fires  in  Kuwait  Observations  at  various  distances  from  Kuwait  were  taken  at  1  -6  km  altitude,  considerably 
above  the  MBL,  but  of  practical  interest  as  they  were  collected  in  the  field.  Parungo  et  al.  report  a  broad  distribution 
of  particle  sizes  which  were  approximated  here  as  a  broad  log  normal  distribution  adjusted  to  roughly  fit  the  number 
distribution  reported  which  was  at  3.7  km  altitude  and  160  km  from  Kuwait. 

The  results  of  scattering  calculations  for  the  various  soots  in  Table  2  are  given  in  Figure  5.  The  form  of  the  scattering 
is  generally  similar  with  the  largest  differences  arising  from  the  broad  distribution  of  particles  (including  very  large 
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ones)  in  the  Kuwaiti  soot.  Although  the  calculation  shown  here  used  the  average  to  low  refractive  index  reported  by 
Shettle  and  Fenn”  for  soot  -  1.75-0.45i,  using  another  refractive  index  does  not  change  the  qualitative  conclusions  that 
can  be  drawn  from  an  examination  of  Figure  5.  If  the  soot  has  the  broad  distribution  of  sizes  reported  in  the  Kuwaiti 
soot,  the  linear  polarization  is  dramatically  reduced.  actually  changes  sign  at  angles  >  60*. 

One  last  comparison  is  of  interest  •  that  of  the  contribution  to  the  polarization  of  scattering  from  soot  and  sea  salt.  To 
make  this  comparison,  the  scattering  predicted  from  the  "maritime  component"  of  Shettle-Fenn"  at  80%  RH  was 
compared  with  die  scattering  predicted  by  the  same  researchers  for  the  large  soot  component.  The  size  distribution 
for  the  soot  component  was  that  which  Shettle  and  Fenn  suggest  for  0%  RH,  because  soot  is  not  particularly  soluble. 
The  shape  of  the  angular  distributions  of  the  total  intensities  (S,,)  of  these  components  do  not  differ  considerably 
(Figure  4).  The  polarizations  do  differ  significantly  (Figure  4).  The  implications  with  respect  to  the  linear  polarization 
is  dramatic.  As  noted  above,  the  scattering  predicted  for  the  sea  salt  is  largely  horizontal  (+),  and  not  particularly 
intense.  When  the  soot  is  present,  scattered  light  will  be  primarily  vertically  polarized,  particularly  near  90*. 


4.  CONCLUSIONS 

In  this  preliminary  study  of  the  polarized  scattering  predicted  for  the  MBL,  the  scattering  significantly  varies  from 
the  Rayleigh-like.  The  results  are  sensitive  to  the  details  of  the  size  and  number  distributions  and  therefore  may  be 
used  to  discriminate  various  aerosols.  Knowledge  of  the  predominate  character  may  be  used  to  choose 
polarimetric  sensing  methods  that  discriminate  against  scattered  ambient  light  in  the  MBL.  The  effects  of  the  size, 
number  density,  real  and  imaginary  indices  of  refraction  and  particle  shape  all  have  significant  effects  on  the 
polarization  characterization  of  the  scattered  light  and  potentially  on  visibility. 
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ABSTRACT 

Contrast  in  the  reflectivity  between  pure  and  contaminated  sea  surfaces  is 
the  result  of  two  effects,  namely  (a)  differing  reflectivities  of  pure  sea 
water  and  oil  on  water  and  (b)  damping  effect  of  the  oil  film  on  the  sea 
waves.  The  problem  is  to  estimate  their  separate  contributions  to  total 
contrast  so  that  the  substance  effect  can  be  isolated.  Its  magnitude  provides 
asse.ssment  of  the  oil  film  thickness  which  can  be  obtained  for  sufficiently 
large  averaging  scales.  The  spectral  behavior  and  film  thickness  dependence  of 
contrast  have  been  calculated  for  an  undisturbed  sea  surface.  The  estimate  of 
the  damping  effect  has  been  made  using  the  Cox-Munk  distributions  for  pure  and 
contaminated  surfaces.  The  method  chosen  has  been  verified  during  a  series  of 
tests  conducted  in  situ  from  an  aircraft  carrying  a  CX)^  laser  sensor  operating 

at  10.6  pm. 

1.  INTRODUCTION 

A  significarit  part  of  optical  methods  for  remote  sensing  of  oil  films  on 
the  sea  surface  is  based  on  the  difference  between  reflectivities  of 
contaminated  and  pure  areas  of  the  surface.  The  measure  of  this  difference  is 
the  contrast  between  mean  radiances  of  the  areas.  Contrast  is  the  result  of 
two  effects,  namely  (a)  differing  reflectivities  of  pure  sea  water  and  oil  on 

water^,  the  so-  called  "substance  effect",  and  (b)  damping  effect  of  the  oil 
film  on  sea  waves,  causing  a  change  in  surface  roughness. 

The  main  problem  in  interpretation  of  the  optical  remote  sensing  results 
is  estimation  of  separate  contributions  of  the  two  effects  to  total  contrast 
so  that  the  substance  effect  can  be  isolated.  Its  magnitude  provides 
assessment  of  the  oil  film  thickness  which  can  be  obtained  for  sufficiently 
large  averaging  scales  when  the  sea  slopes  distributicm  function  is  available 
and  the  term  "mean  radiance  can  thus  be  explained.  It  is  essential  that  in  all 
calculations  and  experiments  we  deal  with  mean  radiances. 

The  aim  of  this  work  is  to  make  calculated  estimates  of  contrasts  between 
oil  slicks  and  pure  sea  surface,  to  perform  real  sea  measurements  of  contrasts 
and  to  estimate  the  possibility  to  measure  the  oil  film  thickness  by  means  of 
a  remote  active  optical  tectmique. 

2.  THE  CALM  SEA  MODEL 
2.1.  Calculation  formulas 

For  investigation  of  the  substance  effect  we  shall  confine  ourselves  to 
the  simplest  case  -  normal  incidence  of  light  on  a  flat  film  lying  on  calm 
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water.  Our  aim  is  to  investigate  the  d^endance  of  the  contrast  K  on  the  oil 
physical  properties  and  to  reveal  the  spectral  intervals  of  high  contrast.  The 
contrast  may  be  written  as 


K(1,X) 


R^^(1,X)-R^^(X) 


(1) 


where  the  subscripts  1,  2,  3  corre^ond  to  water,  oil  and  air;  is  the 
energy  reflectance  coefficient  at  the  oil-air  boundary  and  that  for  the 
air-water  boundary.  The  reflection  coefficient  is  found  as: 


V^3(1.X)  = 


ia  1  -ia  1 

<z^ +22X2^-23)0  *  +  (2^-22X22+23)0 

i«-  1  -ia  1 

(2^  +22  )(22  +23  )e*  +  (2^  -22  )(22  -23  )e 


(2) 


where  1  is  the  oil  film  thickness;  a  s-r — m^cos  6^ ;  A  is  the  wavelength  in 
vacuum;  6  is  the  angle  of  incidence  in  the  corresponding  medium  (62  is  for 
oil); and  2.  are  impedances  of  the  corresponding  media.  They  are  expressed 
through  a  complex  refraction  index  by 


^<s)_  1  ,(P)_  co^ 

^  ■  m  cose’  ^  ■  m 

for  the  s-  and  p-waves,  respectively;  m  is  a  complex  refraction  index  of  the 
medium;  m  =  n-ix;  n  and  x  are  refraction  and  absorption  indices. 

For  the  case  of  normal  incidence 

0  =  0,  2^®^=  2^®^^=  — 

n 

Taking  into  account  the  fact  that  <73  =  1  (air)  and  designating  XA  =  x,  we 
have  for  V: 


V  =  V  +iV  = 

23  23  23 


-i4itxm 

(m2+mj  )(l-m2  )+(m2-mj  Xl+n^  )e 

-i4nxm2 

(m  +i|  )^l+m  )+(m  -y  )j(l-m  ^e 


(3) 
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The  reflection  coefficient  for  intensity  is: 


(4) 


2.2.  Optical  constants  of  sea  water  and  oil 

We  used  optical  constants  n  and  x  for  the  ultra-violet  (UV), 
visible  (VIS)  and  infrared  (IR)  regions  obtained  for  16  oil  samples  from 

2 

different  oil  fields  and  wells  and  for  one  diesel  fuel  sample  .  It  is 
worthwhile  to  emphasize  some  peculiarities  of  the  typical  spectral  behavior 
of  n  and  x.  In  the  UV,  absorption  of  almost  all  samples  is  very  high^^In  the 
VIS,  X  becomes  very  low  (the  order  of  magnitude  of  x  is  10  ),  The 
refraction  index  does  not  change  strongly:  from  1.57-1.67  in  the  UV  to 
1.48-1.52  in  the  VIS.  In  the  IF  there  are  three  rather  strong  absorption 
bands:  near  3. 3-3. 6  pm,  6.7-7. 1  pm  and  11.1-16.7  pm.  It  is  significant  that 
the  first  two  bands  are  near  the  absorption  bands  of  water  (''  3.2  pffi  and  6.2 
pm).  The  important  matter  is  dispersion  of  n  and  x  of  oils  causing  an 

3 

additional  variability  of  contrasts.  According  to  some  publications  ,  in  the 
VIS,  n  and  x  increase  with  growing  oil  density  p;  x  grows  by  two  orders  of 
magnitude  while  p  changes  from  0.7936  to  0.8973  and  the  growth  of  (n  -  1)  is 

equal  only  to  10-15  %. 

2.  3.  Reflection  by  thick  layers  of  oil  and  water.  Contrast 

For  this  simplest  case  the  reflection  coefficients  have  been  calculated 
using  the  Fresnel  formulas.  The  results  are  given  in  Fig.  1  .  As  one  can  see, 
within  nearly  all  of  the  spectral  range  considered  the  oil  is  brighter  than 
the  water.  Contrast  is  strongly  influenced  by  spectral  behavior  of  the 
reflection  coefficient  of  sea  water  because  ^oil  of  oil  changes  slightly  in 

a  wide  spectral  range,  whereas  of  water  changes  significantly.  Thus,  in  the 

8-12  pm-interval  where  F  of  water  is  minimum  the  contrast  is  maximum  and 

reaches  about80%.  In  the  VIS  and  near  the  IR-region,  contrast  is  high  enough  - 
30-40  %  and  in  the  vicinity  of  A  =  3.30-3.40  pm  it  is  almost  equal  to  zero! 

2.4.  Reflection  by  the  thin  oil  film 

Formulas  (3)  and  (4)  have  been  used  to  calculate  dependence  of  the 

4 

reflection  coefficient  for  intensity  on  the  oil  film  thickness  .  The 
calculations  have  been  performed  for  20  wavelengths  within  the  spectral  range 
(0.3-15  pm)  considered.  The  n  and  x  of  oils  were  the  same  as  in  calculatiCMis 
for  thick  layers  of  oil.  The  results  can  be  seen  in  Fig.  2.  Two  extreme  cases 
have  been  chosen  to  illustrate  variability  of  the  results.  For  A  =  0.60  pm, 
the  absorption  index  x  =  0.0029  is  minisajm  and  for  A  =  3.40  pm  x  =  0.11  it  is 
maximum.  The  difference  in  x  causes  a  difference  in  fading  of  the 
oscillations.  For  A  =  3.4  pm  and  x  =  4  (x  =  1/^  is  relative  thickness  of  the 
film),  the  film  may  be  considered  as  optically  thick  and  for  A=  0.60  pm  and  x 
=  4  it  is  still  optically  thin,  so  that  reflectance  depends  strongly  on  the 
interference  oscillations. 
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2.5.  Ref  lection  by  films  of  variable  thickness.  Distribution  of  the 
oil  film  thickness 

In  real  sea  conditions,  the  oil  film  thickness  becomes  randomly 
distributed  within  a  contaminated  area.  Real  optical  sensors  have  a  finite 
view  field  and  averaging  time  and  so  their  response  is  the  result  of  light 
interaction  with  the  oil  film,  with  the  thickness  randomly  distributed  within 
the  sensor  view  field.  This  response  can  be  calculated  provided  the 
distribution  law  is  known.  Unfortunately,  we  have  not  found  direct 
experimental  data  on  such  distributions. 

In  oixier  to  be  able  to  obtain  some  estimates  of  impact  of  the  oil  film 
thickness  distribution  on  the  remote  sensor  response,  we  had  to  make  some 

0 

plausible  assumptions  about  the  distribution  law  .  First,  the  law  jmist  be 
valid  for  positive  values  of  thickness  (contrary  to  the  Gaussian  law 
permitting  a  negative  thickness);  second,  it  must  be  similar  to  the  normal 
law.  The  siir^>liest  law  with  such  properties  is  the  log-normal  cme  describing 

0 

normally  distributed  In  1  (1  is  thickness).  It  has  been  shown  that  the 
log-normal  law  may  be  approximated  by  gamna-distribution  which  in  many  cases 
is  more  convenient  for  calculations  retaining  the  right  description  of  the 
phenomenon  investigated.  This  is  why  we  have  used  this  distribution  in  the 
calculations. 

The  normalized  gamma-distribution  may  be  written  as 

(5) 


Here  i  is  oil  film  thickness,  p  and  (3  are  the  distribution  parameters. 

P  -  p+1  P+1 

^  m  “p  ’  ^  ~  ^  m  [T 


(6) 


For  the  description  of  the  distribution  shape  it  is  well  to  introduce  a 
relative  width  of  the  distribution 


As 


1-1. 


A1 

1 


(7) 


where  the  distribution  width  A i  is  an  interval  between  the  points  and  , 
for  which  f(l  ,  )=l/2f(l  )  It  has  been  shown  that  the  relative  width  is  equal 

1/2  rn 

to 


Ae 


2.48. . . 


(8) 


It  can  be  seen  from  this  formula  that  Ae  defines  the  distribution 
parameter  p  and  both  parameters  p  and  p  can  be  expressed  through  i  and  As; 

m 
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where  x  =  lA-  Designating  the  constant  factor  as  we  have 


f^(x)  =  C^xf*  exp 


(11) 


Re^>cinse  of  the  ncxiochronatic  light  receiver  is  defined  (to  an  accuracy  of  the 
calibration  factor)  by  the  fomula: 


W„(  X  )  =  J  R(xj^  (x)dx. 
^  0 


Here  R(x)  is  reflecticxi  coefficient  of  a  flat  film  with  relative  thickness  x. 

dependencies  of  ¥  oi  the  nean  relative  filii  thickness  ~x  have  been  calculated 
for  10  values  of  paraneter  ^  =  oo,  24,  18,  12,  6,  4,  2,  1,  0,  correspcxxling  to 
dispersion  changing  fron  zero  to  the  maxinun  possible  magnitude  for  this 
distributicm  law.  The  calculaticms  have  been  made  for  4  wavelengths 
corresponding  to  enissicxi  of  the  known  lasers:  A  =  0,63  (xir  (He4?e  laser);  A  = 
3,40  pn  (He  laser);  A  =  5,40  (jlo  (Ne  laser);  A  =  10,6  (xn  (CX)^  laser). 

Qualitatively,  results  of  the  calculations  for  different  wavelengths  are  quite 

similar,  so  we  show  here  only  the  depend«ice  of  on  x  for  A  =  10.6  pm  (with 

different  p)  (Fig.  3).  Figure  4  presets  the  depondence  of  M  on  x  for 
different  wavelengths  but  with  fixed  Ae  =  1.24,  (p  =  4).  As  one  can  see,  for 
all  wavelengths,  /F  shows  a  series  of  fading  oscillations.  The  intensity  of 
fading  increases  with  growing  distribution  width  (with  a  decrease  of  p).  For  a 
maximum  distribution  width  (in  our  case  for  p  =  1,  2,  3,  4),  only  the  first 
maximum  ¥  of  oscillations  remains  retained  (see  Fig. 4).  The  position  of 
maximum  is  equal  to  that  for  a  monodispersed  film.  The  magnitude  of  ¥  can  be 

obtained  from  investigation  into  the  dependence  ¥  For  wide 

IW 

distributions  (which  is  likely  to  be  met  in  practice) 

W  =  33.2  R* 

m 
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This  formula  provides  an  accuracy  '  10  %  which  appears  to  be  enough  for 
estimates.  Suranarizing  the  results  of  this  section  we  must  emphasize  that  the 
Htrong  impact  of  distribution  of  the  oil  film  thickness  on  the  remote  sensor 
re^onse  severely  limits  the  possibiliy  of  remote  measurement  of  the  oil  film 
thickness  (using,  for  example,  the  multifrequency  technique). 


3.  WAVY  SEA  MODEL.  LIDAR  CROSS-SECTION 

For  calculations  of  reflection  from  a  wavy  sea  we  have  used  a  well-known 
model  of  the  wavy  surface  presented  as  an  aggregate  of  statistically 
distributed  facets,  each  reflecting  light  according  to  the  laws  of  geometrical 
optics.  The  distribution  of  facet  orientations  havs  been  taken  from  Cox  and 

7 

Munk  .  The  geometrical  features  of  reflection  including  relations  between 
all  angles  which  determine  light  interaction  with  sea  surface  have  been 
0 

obtained  in  .  In  general,  for  any  geometry  of  reflection  chosen  the  properties 
of  the  reflected  beam  are  given  by  the  Stokes  vector-parameter. 

Here,  we  are  interested  only  in  the  lidar  version  of  the  problem,  which  is 
urgent  for  active  remote  sensing.  For  backward  reflection  the  polarization 
state  of  light  does  not  change  and  thus  we  shall  consider  only  radiance  , 

the  first  Stokes  parameter.  For  this  case 

B^  =  -|«£^sec^ep(0^,<P^)E©^  (13) 

Here,  t  is  angular  radius  of  the  light  source  (in  radians);  iXB  )  is  the 

r»  r% 

Cox  and  Munk  function  in  polar  coordinates;  /?  is  the  Fresnel  coefficient;  0  is 
the  zenith  angle  of  incident  and  reflected  beams.  The  incident  light  radiance 
is  where  .F„is  irradiance  of  the  area  normal  to  the  incidient  beam, 

and  is  a  solid  angle  of  the  light  source  (w^-its  ).  Thus,  B^  =  and 

(13)  beccnnes 

sec^0P(0^  ,tp^  )RE^  ( 14) 

The  lidar  cross-section  B  is  defined  as  the  ratio  between  radiance  of 

light  reflected  in  the  direction  of  the  source  and  that  of  an  ideal  scatter 

put  in  similar  illumination  conditions.  So,  B  is  a  radiance  coefficient  for 

backward  reflection.  The  ideal  scatter  radiance  is  5  -  E  /n.  Thus, 

sc  o 


B  =  sec* ^  ^ 

S  C 

Results  of  the  calculations  of  B  for  different  0  for  pure  and  oiled 

surfaces  are  presented  in  Fig.  5.  It  was  COTisidered  that  dispersion  of  the 

2 

distribution  P<B  ,  9  )  for  an  oiled  surface  is  smaller  than  c  for  a  pure 
surface  by  about  a  factor  of  three It  follows  from  Fig.  5  that  for  direction 
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of  sensing  at  nadir  <0  -  )  radiance  of  an  oiled  surface  is  always  greater 

than  that  of  a  pure  surface,  i.e.  contrast  is  positive.  For  the  cases  when 

9  ^  0°,  contrast  may  be  positive  and  negative,  which  is  essential  for  use  of 
scanning  systems. 

4.  EXPERIMENTAL  RESULTS  IN  ACTIVE  REMOTE  SENSING  OF  OIL  FILMS  C»4  THE 
SEA  SURFACE 

4.1*  Choice  of  the  experimental  technique 

'Results  reported  in  previous  sections  appear  to  be  suitable  for 
interpretation  of  the  experimental  data  obtained  using  either  active  or 
passive  optical  remote  sensors.  But  it  is  obvious  that  the  active  technique  is 
preferable  for  remote  sensing  of  oil  films  being  less  dependent  on  external 
conditions  of  the  experiment.  He  have  designed  and  manufactured  an  air-bome 
prototype  of  the  lidar  with  a  view  of  obtaining  experimental  data  on 
contributions  of  the  two  above-mentioned  effects  to  total  contrast. 

Choice  of  the  wavelength  of  sounding  emissican  was  of  critical 
significance.  Actual  wavelength  X  =  10.6  pm  has  been  taken  from  the  following 
considerations:  (1)  for  this  wavelength,  contrast  between  oil  and  sea  water 
(i.e.  the  substance  effect)  is  maximum  in  all  of  the  spectral  range  from  the 
IJV  to  the  far  IR;  (2)  the  period  of  the  oscillating  dependence  of  contrast  on 
the  oil  film  thickness  is  long  enough  (this  is  significant  for  the  possibility 
of  measuring  the  oil  film  thickness);  (3)  10.6  pm  emission  does  not  penetrate 
in  the  water  body  because  of  the  large  water  absorption  coefficient  making 
unnecessary  consideration  of  scattering  bv  the  hydrosoles;  (4)  low  absorption 
in  the  atmosphere  making  it  possible  to  neglect  absorption  for  suitable 
aircraft  altitudes  of  flight.  (5)  existence  of  a  suitable  00^  laser  as  the 

source  of  sounding  emission. 

For  the  wavelength  chosen,  principal  technical  parameters  of  the  lidar 
have  been  calculateld.  The  actual  lidar  parameters  were  as  follows:  (1) 
continuous-wave  00^  laser  emission  power,  not  smaller  than  4  watts;  (2) 

diameter  of  the  telescope  mirror,  400  mm;  (3)  threshold  sensitivity  of  the 

piro-electrical  receiver  of  10.6  pm  emission,  10  watts;  (4)  frequency  of  the 
emission  modulation,  300  Hz;  (5)  averaging  time  of  recording  the  lidar 
response  signal,  0.5  or  1  s.  These  parameters  provided  recording  the  lidar 
response  at  flight  altitudes  to  500  m  above  sea  surface.  The  cptico-mechanical 
unit  was  mounted  in  the  photo  hatch  of  an  IL-14  air  plane  having  a  flight 
speed  of  70-100  m/s  during  the  experiment.  In  order  to  obtain  more  obvious 

estimates  of  the  contributions  to  contrast  made  by  the  effects  of _ substance 

and  damping  waves,  it  will  be  more  appropriate  to  use  the  ratio 

a  measure  of  contrast  rather  than  the  conventional  formula  (1).  Here,  and 

are  mean  fluxes  (in  the  sense  of  secticxi  1)  of  the  IR- laser  emissioi 

reflected  by  oiled  and  pure  surfaces,  re^ectively. 
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To  an  accuracy  of  the  constant  factor 


(16) 


Here,  ratio  of  reflection  coeffici«its  of  the  oil  filn  and  pure 

water  giving  a  neasure  of  the  substance  effect  and  ~P  -/P  =  /P  /  JP  <*» 


gives  a  neasure  of  the  effect  of  daipixig  waves;  Is  the  sea  slope 

distributicufi  function  for  a  ccmtaninated  surface  and  P  is  that  for  a  pure  sea 

w 

surface;  du  is  an  elenoit  of  the  solid  angle.  Integration  limits  Q  are 
determined  by  angular  width  of  the  laser  beam,  view  field  of  the  receiving 
cc>tical  syst»  and  the  direction  of  sensing. 


4.2.  Experimental  cases 


The  major  part  of  esqperimental  data  have  been  obtained  in  flights  over 
oil  fields  on  the  Caspian  Sea  not  far  from  the  city  of  Baku.  Airplane  courses 
were  chosen  so  as  to  obtain  records  of  the  lidar  response  from  a  pure  sea 
surface  and  then  after  crossing  the  oil  slick  boundary,  fzt»i  a  contaminated 
surface.  There  were  many  cases  with  vast  oil  slicks  providing  the  duration  of 
records  to  tais  of  seconds  and  even  longer.  In  order  to  illustrate  the 
experiments,  we  have  chosen  results  obtained  in  two  uixioubtedly  clear  cases: 
(1)  sensing  of  a  vast  obviously  optically  thick  film  and  (2)  sensing  of  a  film 
formed  by  oil  oozing  out  of  an  isolated  underwater  source.  For  an  optically 
thick  film,  data  have  been  obtained  in  a  series  of  flights  during  one  day 
from  different  altitudes  of  the  plane  (from  50  to  200  meters)  over  one  and  the 
g 

same  oil  slick  .  T^»  wind  speed  was  abtxit  10  m/s.  Sensing  direction  was 
at  nadir.  In  all  flights,  the  ratio  measured  "P  .yF  was  equal  to  35.  Since 

01£  Af 

^  ~  ^  10-pm  wavelength,  ~  ^  value  is 

significantly  greater  than  the  estimate  made  using  the  Cox  and  Hunk  data.  This 
fact  can  be  explained  on  the  assumption  of  a  change  in  the  shape  of  the  sea 
slope  distribution  law  for  a  contaminated  sea  surface  area. 

The  flights  over  an  isolated  underwater  source  of  oil  (derelict  underwater 
bore-hole)  have  been  performed  in  moderate  wind-wave  ccxxiitions  (wind  speed 

was  equal  to  2-3  m/s)  making  the  picture  of  oil  spreading  rather  simple A 
survey  of  the  oil  slick  is  represented  in  the  lower  part  of  Fig.  8.  In  the 
upper  part  of  the  figure,  a  copy  of  a  record  of  lidar  response  is  shown 

demonstrating  the  dependence  of  distance  L  fr<»  the  source  S  along  the 

direation  of  flights.  In  the  first  600  m  of  the  path  A  A'  marked  by  the 
asterisked  braces  the  law  of  oil  thickness  change  can  be  approximated  by  \/L. 
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The  law  of  change  of  appeared  to  be  quite  similar:  ■>'  V-^ 

demonstrating  good  correlation  between  f^^.^and  i.  The  range  of  oil  thicknesses 

along  the  first  600  m  of  the  path  A  A'  can  be  estimated  as  (2^0.1)  jim;  these 
thicknesses  are  quite  usual  for  vast  tails  of  large  oil  slicks  in  wairm  sea 
water. 
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Fig.l.  Spectral  variability  of  the 
reflection  coefficient  and  contrast 
for  normal  incidence  on  a  thick  oil 
layer  and  sea  water . 

is  the  reflection  coefficient  of 

sea  water;  is  reflection 

coefficient  of  oil;  K  is  contrast  for 
oil  on  water. 


Fig. 2 


Fig. 2.  Dependence  of  the  reflection 
coefficient  on  film  thickness, 
a  is  the  region  of  strcMig  absorption, 
k  =  3.4  pm;  b  is  the  region  of  weak 
absorption,  X  =  0.6  pm. 
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Fig. 3  Fig. 4 


Fig. 3.  Dependence  of  the  reflection  coefficient  on  mesun  oil  film  thickness 
for  different  widths  of  distribution  of  the  oil  film  thickness  for  A.  = 

=  10.6  pm. 

Fig. 4.  Dependencies  of  the  reflection  coefficient  on  mean  oil  film 
thickness  for  different  wavelengths  of  emission  for  width  of 
distribution  of  the  oil  film  thickness  Ae  =  1.24,  (p  =4). 
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ABSTRACT 

Contrast  of  oil  film  against  the  rough  sea  surface  background  was  estimated  fcH*  the 
wavelength  range  from  300  to  800  nm  in  various  observation  conditions.  Morel  and  Prieur's 
experimental  data  on  water  reflectance  in  the  visible  spectrum  were  used  as  the  basis  for 
computations.  Extrapolations  of  these  data  to  the  UV  and  IR  regions  are  based  on  the 
well-known  low-parametric  models  for  water  properties.  The  computations  show  that  the 
contrast  magnitude  varies  depending  on  the  water  type,  wavelength,  wind  velocity  and  solar 
altitude  from  -907*  to  *607,  (plus  relates  to  the  case  when  oil  is  brighter  than  water, 

minus  relates  to  the  opposite  case).  To  avoid  small  or  zero  contrasts,  observations 

apparently  should  be  fulfilled  in  several  spectral  channels.  Calculation  method  was 

verified  during  a  flight  over  the  Black  Sea  when  predicted  oil-water  contrast  was  obtained 

with  two  airborne  TV-cameras  operating  in  the  visible  and  UV  spectral  regions. 

1.  INTRODUCTION 

For  observations  of  oil  films  against  the  rough  sea  surface  background,  it  is 
important  to  know  what  spectral  sensitivity  of  the  receiver  provides  the  maximal  image 
contrast.  In  1989  we  observed  oil  spills  in  the  Black  Sea  near  Odessa  from  the  airplane. 
We  used  two  TV-cameras,  one  sensitive  in  the  visual  spectum,  and  the  other,  in  the 
ultraviolet  one.  The  weather  was  cloudy.  In  the  UV  the  image  contrast  turned  to  be  rather 
high  (about  50%)  and  distinctiy  higher  than  in  the  visual  spectrum.  We  carried  out  the 
calculations  of  contrast  for  this  sea  region  emd  cioudy  weather.  The  basis  of  these 
calculations  was  water  opticai  properties,  namely  absorption  (a)  euid  backscaterring  (b  ) 

b 

coefficients  measured  previously  in  the  same  sea  region.  We  used  formulae  obtained  before 
and  relating  the  water  radiance  coefficient  to  a  and  b  .  The  calculated  contrast  values 

b 

agree  closely  with  measurement  results.  However,  it  is  clear  that  the  UV  spectral  channel 
need  not  be  optimal  for  other  regions  of  the  World  Ocean  and  for  other  observation 
conditions.  It  should  be  pointed  out  that  dependency  of  contrast  on  observation  conditions 
in  daylight  is  more  complicated  than  for  the  lidar  cas^.  For  the  Ildar  directed  to  nadir 
the  well-known  effect  of  wave  damping  by  oil  films^  always  leads  to  increasing  oil 
radiance  because  in  an  oil  slick  more  wave  slopes  are  perpendicular  to  the  llg^t  beam  than 
at  uncontaminated  sea  surface.  Accordingly,  the  contrast  for  the  lidar  case  Is  always 
positive  (oil  is  brighter  than  water).  For  daylight,  the  damping  of  waves  by  oil  may 
either  increase  or  decrease  the  film  radiance  depending  on  wind  velocity  and  solar 
altitude.  Hence,  the  contrast  may  be  either  positive  or  negative. 

Our  goal  is  to  compute  the  oil-water  contrast  for  various  water  types  and  observation 
conditions  for  the  wavelength  range  from  300  to  800  nm.  The  data  on  sp^tral  water 
reflectance  R  (under  the  sea  surface)  from  classical  Morel  and  Prleur’s  article'^  were  used 
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as  the  basis  for  these  computations.  Oniy  the  case  of  observation  from  a  iow  aititude 
(without  regard  for  the  atmospheric  effects)  in  the  nadir  direction  was  considered. 


2.  COMPUTATION  MODEL 

Contrast  of  the  oil  film  against  the  water  background  is 

_  ,,(fj  /•)  /w).  .,(f)  ,  (f)  (•)  (wK  .  (f) 

C  =  (I  -  I  -  /  )/I  -  (p  -  p  -  p  )/p  , 

where 

■*<1  ■‘dlf’  ^dlf  ’  “  ■^d  ^dlf 

are  radiances  of  the  oil  film,  rough  see  surface  and  water  body  (the  latter  is  due  to 
light  backscattered  in  the  sea).  Elach  of  these  radiances  is  the  sum  of  two  components.  The 
first  one  is  determined  by  direct  sunlight  (subscript  "d”),  and  the  second,  by  diffusive 
light  of  the  sky  (subscript  "dif").  Instead  of  radiances,  the  associated  radiance 
coefficients  may  be  used: 


(1) 

(2) 


0  o’ 

where  £  =  £  +  £  is  the  sea  surface  irradiance. 

0  d  dlf 

The  radiance  coefficients  for  each  component  are 


(3) 


^d  d  d  ^dlf 


dlf  dlf 


(4) 


(5) 


or 

where  y  =  £  /£  is  the  contribution  of  direct  sunlight  to  the  total  surface  irradiance. 

d  0 

The  data  on  y  for  the  wavelength  range  X  =  400-700  nm  have  been  presented  by  Austin*. 
To  evaluate  y  in  the  whole  region  from  300  to  800  nm,  we  used  the  equations 


£  (A)  =  EJX)  exp  (-T(A)/coseJ  , 

d  0 

(6) 

£,.,(A)  =  £  (A)/(e)T(A)  , 

dlf  0 

(7) 

where  t(\)  =  atmosphere  optical  thickness  which  is  the  sum  of 

Rayleigh  and  aerosol  (t^(A))  optical  thicknesses,  and  /(0)  is  a  function  which 

depends  only  on  the  solar  zenith  angle  6.  From  these  equations,  y(A)  can  be  easily 
expressed  through  y(A^: 
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y(0,X) 


1  -  y(0.A  1 
1  +  - A 


(8) 


t(A)  expI-T(X  )/cos8l 

A  =  - - -  .  (9) 

t(A  )  exp[-T(A)/cos0l 
0 

For  the  standzu'd  atmosphere  and  A  =  550  nm,  t  (A  )  =  0.0952,  t(A  )  =  t  t  (A  ) 

0  RO  OROaO 

=  0.3  . 

Optical  thickness  x(X)  is  computed  from 

t(A)  =  T  (A„)  (A /A)^  +  T  (A„)(A /A).  (10) 

R  0  0  •  0  0 


Using  the  Austin*  data  on  yfO.A  )  (for  example,  y  (20**,  550  nm)  »  0.84  ),  we  have 

found  the  values  of  y(0,A)  for  the  wavelength  range  from  3(X)  to  8(X)  nm  by  E^s.  (8)-(10). 
They  agree  closely  with  the  Austin  experimentad  data.  Selected  values  of  y  are  presented 
in  Table.  1  . 


Table  1 

Contribution  of  direct  sunlight  to  the  total  surface  irradiance  (y) 


A  ( nm) 

300 

400 

500 

550 

600 

700 

800 

0  =  20° 

0.26 

0.65 

0.80 

0.84 

0.87 

0.90 

0.92 

0  =  45® 

0.23 

0.62 

0.78 

0.82 

0.85 

0.89 

0.91 

Let  us  now  consider  the  technique  used  for  calculations  of  the  radiance  coefficients 
for  surface,  oil  film  and  water. 

2.1.  Sea  surface  radiance  coefficients 

The  magnitude  of  depends  on  wind  velocity  v,  soiar  zenith  angie  0,  and  wind 

d 

azimuth  ^  with  respect  to  the  solar  vertical.  In  a  spectral  region  of  300  to  8(X)  nm  it 
weakly  depends  on  the  wavelength.  For  several  values  of  v,  0  and  f  the  radiance 
coefficients  have  been  calculated  by  Mullamaa”  on  the  basis  of  the  Cox-Munk  surface  slope 
distribution^  Using  the  same  calculation  technique  we  have  computed  the  surface  radiance 
coefficients  for  a  wide  range  of  v,  0  and  f>  without  regard  for  polarizaticm.  Smne  of  ther 
are  shown  in  Table  2. 
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Table  2 


The  values  of  sea  surface  radiance  coefficients  (averaged  over  azimuth  p) 

d 

for  direct  sunlight  in  the  nadir  observation  direction 


So  lar 

zenith 

angle 

0° 

Wind  velocity  v  (m/s) 

2 

5 

10 

15 

20 

0 

0.42 

0.20 

*0.  10 

0.072 

0.054 

20 

0.036 

0.064 

0.061 

0.051 

0.043 

45 

0.0001 

0.0016 

0.008 

0.014 

0.018 

For  a  uniform  sky  and  nadir  observation  direction,  when  light  from  low  sky  areas 
virtually  does  not  fall  within  the  observer's  view  (there  are  no  large  slopes  in  the 
Cox-Munk  distribution),  the  radiance  coefficient 

p\*l  «  0.02  (11) 

Oil 

and  does  not,  in  practice,  depend  on  wind  velocity^ 


2.2.  Oil  film  radiance  coefficients 

Fresnel  reflectivity  of  the  thick  oil  film  in  the  spectral  region  considered  does  not 
depend  on  the  wavelength  with  an  accuracy  of  about  107,  and  its  average  value  is  about 
0.04,  whereas  that  of  water  Fresnel  reflectivity  in  the  same  spectral  region  is  about 
0.02.^ 

It  is  known  that  the  oil  film  damps  the  surface  roughness.  As  Cox  and  Munk  have 
shown,  the  contaminated  sea  surface  may  be  considered  as  a  random  surface  with  the  same 
Cox-Munk  slope  distribution,  but  the  variance  of  this  distribution  is  approximately  three 
times  smaller  than  that  of  the  slope  distribution  of  the  uncontaminated  sea  surface.  This 
corresponds  to  a  threefold  decrease  of  wind  velocity^  Therefore,  it  may  be  assumed  that 

py*(e,v)  «  2  p‘**(0.v/3),  (12) 

d  d 

C  ‘  2  C  •  o  w-  '*3' 


2.3.  Water  radiance  coefficients 

Water  radiance  coefficients  p  (p  or  p  )  measured  above  the  sea  surface  are 
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related  to  the  undersvirface  radiance  coefficients  r  (r  or  r^,,)  by  the  equation: 

d  dlf 


(W)^  7  T  a  0.54  r^\ 

^12 


(14) 


where  T  «  T  “0.98  are  transmittances  of  the  surface  for  upward  and  downward  radiation, 
1  2 

n  “  1.34  is  the  refractive  index  of  water. 


It  follows  from  our  Monte-Carlo  simulations*  that 

_(w)  _  1  V 

d  ■  2(l+p)  ^dif 


0.27  X  , 


(15) 


where  X  =  b  Aa+b)  “  b  /a, 

b  b  b 

ft  ss  cose’  =  (1  -  sin^e/n^)®’®,  (16) 

0’  is  the  sun  ray  refraction  angle. 

We  must  relate  the  radiance  coefficients  p  to  water  reflectance  R  which  has  been 
measured  and  computed  by  Morel  and  Prleurf  There  they  used  the  formula 

R  =  0.33  X  =  0.33  b /a  .  (17) 

b 

Therefore,  we  calculated  p**'*  from  the  equations  which  follows  from  Eqs.  (14),  (15),  (17); 

p**"  =  0.82  /?/(l+p),  p‘7’  =  0.44  R.  (18) 

d  dlf 


3.  MODEL  USED  FOR  EXTRAPOLATIONS  OF  WATER  REFLECTIVITY 
IN  THE  VISIBLE  SPECTRUM  TO  THE  UV  AND  IR 

To  extrapolate  Morel  and  Prieur’s  experimental  values  of  R  to  the  UV  and  IR,  we  used 
Kopelevich’s  model'  of  the  water  optical  properties.  This  model  is  based  on  the  assumption 
that  absorption  is  due  to  pure  sea  water,  yellow  substance  and  chlorophyll,  whereas 
scattering  is  due  to  pure  sea  water  and  suspended  non-chlorophyllous  particles: 

a(A)  >  a  (A)  +  a  (A)  +  a  (A).  (19) 

w  y  c 

b  (A)  -  0,5  b  (A)  ♦  b^  (A).  (20) 

b  w  bp 

Here  a  ,  a  and  a  (m~*)  are  the  absorption  coefficients  for  water,  yellow  substaiK^  and 

w  y  c 

chlorophyll,  correspondingly;  b^  (m"*)  Is  the  scattering  coefficient  of  pure  sea  water, 
and  b  (m~*),  the  backscattering  coefficient  of  particles.  Data  on  a  (A)  and  b  (A)  are 

bp  W  W 

presented  by  Smith  and  Ba^e^®,  ^the  rest  of  the  parameters  Involved  in  Eqs.  (19),  (20)  were 
computed  from  the  formulae  ’  ’  ’* 
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a  (A)  =  a  (A^)  exp  t-0.014  (A-A„)], 
y  y  0  0 


(21) 


a  (A„)  =  a  (440  nm)  a*(A  ),  (22) 

c  0  c  c  0 

(0.07  C,  If  C  <  1  mg  m"^, 

(23) 

0.018  C,  if  C  >  1  mg  m  , 

b  (A)  »  b  (A  )  A  /A,  (24) 

bp  bp  0  0 

“3 

where  C  is  tj^e  chlorophyll  concentration  (mg  m  );  the  dimensionless  specific  absorption 
coefficients  a  for  A  -  400-700  nm  are  present^  in  the  table  *  ,  A  ■  400  nm  for 

c  0 

extrapolation  to  the  UV  and  A^  >  700  nm  for  that  to  the  IR. 

For  green  waters  (Cases  1  and  2  in  Morel’s  classification),  extrapolation  to  the  UV 
was  performed  according  to  the  following  algorithm.  We  took  experimental  values^  of  R(400 
nm),C  and  a(400  nm)  for  various  stations  ;  we  assumed'  that  a  (300  <  A  <  400)  ■  a  (400); 

using  the  tables  for  a  (A)  and  b  (A)  *  and  for  a  (A)  we  found  R  (3(X>  <  A  <  400)  from 

w  w  c 

Eqs.(17),  (19)-(24).  For  blue  waters  this  algorithm  is  simplified  because  we  supposed  that 

a  =  a  ®  0. 
y  c 


Extrapolation  to  the  IR  for  all  water  types  was  realized  by  the  same  algorithm  with 
the  same  assumption  (  a^»  a^°  0  ),  and  the  value  of  A^«  400  nm  was  replaced  by  A^>  700  nm. 

4.  SOME  RESULTS  OF  COMPUTATIONS 

Computations  of  the  oil-water  contrasts  were  performed  by  EA|S.  (1)-(13),  (16),  (18), 
p[^  being  taken  from  Table  2,  and  R,  from  the  Morel  and  Prieur  experimental  data  for  blue 

d 

and  green  (Case  1,  station  15,  98,  and  71,  Case  2,  stations  16  smd  57  )  waters,  with 
extrapolation  of  R  to  the  UV  and  IR  according  to  Eqs.  (19)-(24). 

Some  of  computation  results  are  shown  in  Fig.l.  The  positive  contrasts  belong  to  the 
case  when  oil  is  brighter  than  water,  the  negative  ones  belong  to  the  opposite  case. 


5.  DISCUSSION 

It  can  be  seen  from  Fig.l  that  the  spectral  contrast  strongly  depends  on  wind 
velocity,  solar  zenith  angle,  and  water  type.  For  diffuse  illumination,  it  does  not  depend 
on  wind  velocity,  and  the  daunping  effect  does  not  act.  In  this  case,  the  ccmtrast  mainly 
is  due  to  radiation  backscatterd  by  the  sea  Ip'*'/.  In  the  spectral  regicxi  where  R  and 
p  ^''are  rather  large  (about  400  nm  in  blue  and  about  550  nm  in  green  waters)  the  contrast 
decreases.  In  the  general  case  (sun  and  sky)  several  factors  affect  Uie  contrast.  As  one 
can  see  from  Table  2,  if  the  sun  is  in  zenith,  surface  radiance  p  *  increases  sharply 

d 

with  decreasing  wind  velocity  v.  For  the  solar  zenith  angle  0  <■  20**,  p*  weakly  depends  on 

d 

V,  and  for  0  *  45**  it  decreases  sharply  with  decreasing  v.  So,  for  the  sun  in  zenith  the 
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damping  effect  leads  to  increase  of  contrast,  and  for  0  *  45**,  to  its  decrease.  Therefore, 
for  0  45**  the  contrast  is  nearly  always  negative.  In  the  shortwave  spectral  region, 

where  the  sky  contribution  to  total  Irradiance  is  greater  (see  Table  1),  the  contrast  for 
0  =  45®  increases  because  the  damping  effect  is  partially  compensated.  For  0  =  20®  in 
green  waters  the  contrast  depends  mainly  on  the  ratio  between  oil  and  water  Fresnel 
reflectivity  and  so  depends  weakly  on  the  wavelength.  For  low  wind  velocity  (v=6  m/s)  in 
both  cases  (0  =  45®  and  20®)  in  the  longwave  region  the  contrast  is  small  because  the 
damping  effect  leads  to  a  decrease  in  radiance  of  the  contaminated  surface  (see  Table  2), 
and  water  radiance  in  the  red  and  IR  spectral  region  is  small  in  relation  to  the  surface 
one. 


When  the  solar  zenith  angle  varies  from  20®  to  45®,  the  contrast  at  a  given 

wavelength  changes  from  positive  to  negative,  so  for  some  0  it  must  be  zero.  It  is  obvious 
that  one  spectral  channel  which  would  be  optimal  for  all  observation  conditions  can  hardly 
be  chosen.  It  appears  that  it  is  worth  having  two  or  more  spectral  channels,  so  that  the 
optimal  channel  can  be  chosen  depending  on  observation  conditions. 
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Figure  1  A-C.  Spectral  oil-water  contrast  for 
various  wind  velocity  (v)  and  solar  zenith  angle  (0). 


A:  Blue  waters. 

B:  Green  waters,  Case  1  (station  71). 
C:  Green  waters,  Case  2  (station  57). 


1.  V  =  6  m/s,  0  *»  45*. 

2.  V  ■  10  m/s,  0  *»  45*. 

3.  V  ■  20  m/s,  0  ■  45*. 

4.  Sky  without  the  sun 


1’.  V  ■  6  m/s,  0  “  20*. 
2’.  V  ■  10  m/s,  0  ■  20*. 
3’.  V  ■  20  m/s,  0  ■  20*. 
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ABSTRACT 

Numerous  scientific  research  efforts  require  knowledge  of  the  particle  volume  concentration.  For  many 
studies,  this  information  is  required  as  a  function  of  particle  size.  These  particle  volume  spectra  are  often  inferred 
from  optically  measured  particle  areal  size  distributions  after  the  areal  size  distributions  have  been  transformed 
into  equivalent  spherical  diameter  (ESD)  distributions.  Resolution  and  sensitivity  differences  between  imaging 
systems  will  result  in  different  shapes  for  the  measured  particle  size  distribution.  Artifacts  will  be  introduced  at 
the  small-particle  end  of  the  distribution  by  the  finite  spatial  resolution  of  an  imaging  system  while,  on  the  large 
particle  end,  artifacts  due  to  under-sampling  (a  direct  corollary  of  finite  spatial  resolution)  become  probable. 
Additionally,  the  sensitivity  threshold  of  the  imaging  system  is  not  only  fundamental  to  the  d^ermination  of  the 
particle  edge  but  also  determines  the  optical  density  (reflectivity)  level  below  which  material  will  not  be  imaged. 
All  this  affects  the  measured  size  of  a  particle.  Finally,  if  iK>n-spherica)  and/or  porous  particles  are  present,  the 
measured  size  distributions,  when  particle  sizes  are  presented  in  equivalent  spherical  diameter  (ESD),  are  no 
longer  necessarily  representative  of  foe  original  1-dimensional  geometric  projections  of  foe  particles,  an  important 
consideration  for  some  applications. 

This  contribution  utilizes  laboratory  data  and  unique,  synchronous,  ocean  field  data  collected  by  three 
coincident  imaging  systems  to  evaluate  these  effects  in  foe  study  of  large  marine  particles.  Also,  for  applications 
which  require  a  measure  of  foe  geometric  spread  of  a  particle  (e.g.  perimeter/area  ratio)and/or  applications 
involving  partially  translucent  particles,  an  algorithm  rooted  in  foe  theory  of  moment  invariants  is  presented  which 
avoids  foe  distortions  to  foe  particle  size  distributions  when  foe  size  of  non-spherical  and/or  porous  particles  are 
presented  as  ESD. 


1.  INTRODUCTION 

Electronic  imaging  is  one  of  society's  most  rapidly  advancing  technologies.  The  evolution  is  being  driven 
by  foe  desire  to  provide  greater  quantities  of  higher-quality  information  at  an  increasingly  faster  rate.  The  fields 
of  entertainment,  banking,  medicine,  communications,  among  many  others  are  benefitting  and  expanding.  This 
expansion  tends  to  drive  down  foe  cost  of  foe  necessary  equipment,  which  allows  more  researchers  to  enter  foe 
arena  with  new  applications,  again  accelerating  foe  expansion. 

An  important  subset  of  electronic  imaging  is  digital  image  processing  (DIP).  DIP  is  in  widespread 
industrial  use  in  applications  including  communications,  process  and  quality  control,  employee  identification, 
signature  verification,  etc.  One  of  these  applications,  in  both  foe  industrial  and  foe  scientific  arena,  is  object 
counting  and  sizing,  foe  measurement  of  foe  particle  size  distribution  in  an  environment.  Although  foe  imaging 
environment  and  foe  nature  of  foe  particles  can  vary  widely  (e.g.  tablets,  droplets,  bubbles,  cells,  bacteria, 
aggregates,  dust),  processing  an  image  in  foe  digital  domain  is  strictly  governed  by  rules  inherent  to  foe  process. 
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This  contribution  focuses  on  a  specific  application,  the  use  of  DIP  technology  to  describe  the  in  situ  size 
distribution  of  marine  particles.  Laboratory  and  theoretical  work  are  presented  which  show  how  the  percieved 
size  distributions  can  vary  depending  on  the  resolution  and  sensitivity  of  the  system.  Additionally,  problems 
which  arise  when  the  size  of  non-spherical  and/or  porous  particles  are  presented  as  equivalent  spherical  diameter 
(ESD)  are  dicussed  and  illustrated.  It  should  be  noted  here  that  the  "porosity"  of  a  particle  can  be  an  artifact  of 
the  finite  sensitivity  of  the  imaging  system  employed;  that  is,  the  "holes"  may  be  filled  with  a  material  which  can 
not  be  visualized  by  a  particular  imaging  sytem  but  would  be  vizualized  by  a  system  of  higher  sensitivity.  An 
alternate  approach  to  describing  the  functional  "size"  of  a  non-spherical  and/or  porous  particle  is  presented  and 
compared  to  the  ESD  representation.  We  propose  that  this  approach  has  utility  in  applications  such  as  particle 
settling  which  require  a  measurement  which  is  representative  of  the  geometric  spre^  (e.g.  1 /compactness)  or 
extent  of  the  particle  and  also  more  accurately  describes  the  size  (and,  by  inference,  mass)  of  aggregated  particles. 
These  can  often  be  formed  upon  a  matrix  of  transparent  exopolymers  (TEP)*’^.  Finally,  field  imagery  acquired 
by  three  coincident,  synchronous  CCD  video  systems  is  presented  which  shows  the  effects  of  variable  resolution 
on  size  distributions  acquired  in  situ  as  well  as  on  the  images  of  individual  particles. 

2.  IMAGE  RESOLUTION 

A  great  potential  pitfall  inherent  in  digital  image  processing,  spurious  resolution,  is  illustrated  in  the 
following  hypothetical  example.  A  researcher  involved  in  a  land-use  study  acquires  high-resolution,  photographic 
imagery  from  an  aircraft  at  an  altitude  which  yields  a  horizontal  field-of-view  (FOV)  of  1.28  km.  At  the 
laboratory,  an  image  analysis  workstation  automatically  transfers  the  photographic  images  to  VHS  video  t^e. 
The  video  images  are  then  digitized  at  1,280H  x  960V  pixel  resolution.  The  image  analysis  workstation  software 
package,  then,  yields  voluminous  data  with  one-square-meter  accuracy.  The  actual  resolution,  however,  is  a 
function  of  the  lowest  resolution  component  in  the  data  acquisition/processing  system  and  the  VHS  video  tape 
recorder  has  only  a  horizontal  resolution,  for  example,  of  about  240  lines.  Pixel  resolution  in  this  example  over¬ 
estimates  actual  resolution  by  at  least  a  factor  of  6,  and,  if  the  Nyquist  sampling  frequency  theorem  is  considered, 
by  at  least  a  factor  of  12.  V^en  errors  attributable  to  spurious  vertical  resolution  are  also  considered,  the  actual 
areal  resolution  could  be  overestimated  by  two  orders  of  magnitude. 

2.1  The  Video  Signal 

In  order  to  understand  digital  image  processing  the  conversion  of  the  analog  video  signal  to  digital  data 
needs  to  be  considered.  Image  frame  grabbers  perform  this  conversion  in  real-time,  utilizing  flash  anaJog-to- 
digital  converters  (ADCs).  "Real-time"  for  NTSC  video  is  30  frames  per  second  (25  for  the  PAL  standard),  and 
the  conversion  most  often  follows  the  convention  shown  in  Figure  1  (the  PAL  standard  differs  slightly).  The  1 
volt  (V)  video  signal  is  divided  into  140  IRE  units  with  a  baseline  (0  IRE  units)  corresponding  to  0.286  V.  In 
the  A/D  conversion,  some  additional  voltage  (usually  0.0S4  V)  above  the  baseline  is  used  as  a  reference  black 
level.  The  voltage  range  above  this  level  (0.66  V)  is  converted  by  an  8-bit  flash  ADC  to  255  gray  scales  (GS). 
Numerous  tests  in  our  laboratory  with  several  different  frame  grabbers  confirm  that  the  conversion  is,  in  fact, 
linear.  There  are  several  variables  involved  in  the  reproduction  of  the  A/D  conversion  convention  shown  in 
Figure  1.,  however,  and,  as  variables,  they  can  be  changed. 

Equation  I  describes  the  volts  to  gray  scale  conversion  utilized  to  process  images  with  a  Data  Translation 
Inc.  Integrated  Image  Processor  and  Precision  Frame  Grabber  (DT-2867). 

V=  (2048-ZO)  *3 . 272  ♦10'^+2 . 311“^  *(ADR  MSS)  /  (GN  *255) 
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PIXEL  GRAY  SCALE  vs.  VIDEO  SIGNAL  LEVEL 


Figure  1.  The  relationship  of  pixel  gray  scale  to  video  signal  level  (see  text  for  discussion). 


Note  diet,  generally,  in  die  conversion  from  video-signal  voltage  level  (V)  to  digitized  gray  scale  (GS),  the  zero 
offret  (ZO),  the  gain  level  (GN),  and  the  A/D  reference  (ADR)  can  all  be  changed  m  the  frame  g^bw  control 
software  and/or  dirough  hardware  adjustments.  It  is  rdevant  here  that  changing  the  V  to  GS  conversion  variables 
will  confound  any  algorithm  which  utilizes  GS  thresholds  for  particle  edge  detection.  Also,  at  bi^er  voltage 
levels,  it  takes  relatively  longer  for  video  circuitry  to  return  to  black  levd  (riectronic  overshoot).  This  results 
in  brighter  targets  measuring  longer  in  die  horizontal  dimension  dian  similarly  sized  targets  of  lower  gray  scale 
(illustrated  bdow).  The  amount  of  diis  elongation  is  a  function  of  the  programmed  black  level.  A  consequence 
of  die  diove  is  also  diat  even  identical  imaging  systems  will  produce  differring  measurements  of  a  particle  suite 
when  different  ADC  variables  are  utilized. 

2  J  Laboratory  Measurements 

To  investigate  the  effects  of  video  format  resolution  and  system  radiometric  sensitivity  on  the  shqie  of 
a  measured  size  distribution,  a  diffiisly  backlit,  1951  USAF  test  target  n^ative  was  imaged  using  an  interline- 
transfer  CCD  camera  (Sony  XC-75).  The  camera  specifications  include  a  S/N  ratio  of  56  dB  and  horizontal 
resolution  of  570  TV  lines  (HTVL).  The  images  were  recorded  at  each  of  two  aperture  settings  (f/8  and  f/16) 
in  bodi  VHS  (240  HTVL)  and  S-VHS  (400  HTVL)  formats  and  were  also  grabbed  directly  at  foil  resolution  by 
die  DT-2867.  The  light  source  was  current-  and  voltage-regulated  to  ±  1.0%. 

Target  groups  (-2,  1  to  6),  (-1,  1  to  6),  and  (0,  1  to  6)  were  utilized.  The  1951  USAF  test  pattern 
displays  diree  verticid  mid  diree  horizontal  bars  in  each  subgroup  and  decrease  in  linear  dimension  and  pacing 
frtm  sub-group  to  sub-group  by  a  foctor  of  2'^^^  (2'*^  in  area).  The  line  spacing  of  die  smallest  target  subgroup 
processed,  (-1,6),  is  280  lan  and,  widi  the  imaging  configurmion  and  digitization  (640H  x  480V  pixds)  utilized, 
was  slighdy  less  dian  2  pixels  (one  pixd  representing  a  150  x  150  pm  square). 

The  images  acquired  were  processed  with  our  Image  Control  and  Examination  (ICE)  system.  ICE  was 
developed  in  our  laboratory  and  provides  for  unattended,  frame-by-frame,  image  digitization,  processing,  and 
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target  detection.  The  target  detection  algorithm  is  written  in  the  C  language  and  allows  for  adaptive,  target- 
intensity  and  variable  thresholds  and  closing  toierence  (search  area  for  the  connection  of  pixels  above  threshold, 
the  utility  of  an  adaptive  closing  toierence  is  under  evaluation).  It  also  adjusts  for  bright-pixel  recovery  delays 
(pixel  overshoot)  in  the  horizontal  dimension  due  to  electronic  circuitry. 

For  the  purposes  of  this  exercise,  comparing  the  DIP  response  at  different  intensity  values  for  different 
resolution  with  off-the-shelf  systems,  we  did  not  utilize  available  ICE  hardware:  an  infinite-window  time-base 
corrector  (Nova  900S  Super  TBC),  a  Umatic-SP  3/4"  industrial  video  tape  recorder  (Sony),  or  a  progranunable- 
resolution  frame  grabber  (Epix  Video  MUX).  Tests  with  this  more  sophisticated  but  often  unavailable  hardware 
will  be  considered  in  a  future  report.  The  ADC  convention  follows  that  shown  in  Figure  1  and  the  ICE  system 
variables  were  severely  constrained.  That  is,  the  target  detection  closing  tolerance  and  the  horizontal  overshoot- 
compensation  values  were  set  to  zero.  The  result  at  GS  threshold  1,  for  example,  is  that  any  video  voltage  above 
0.34  V  is  interpreted  as  target  area.  Processing  the  images  at  GS  threshold  levels  0  through  30  in  S-GS-unit 
increments,  then,  acts  as  a  surrogate  for  imaging  sensitivity  and  allows  the  quantification  of  measurement  artifacts 
due  to  both  system  sensitivity  and  resolution. 

Figure  2  shows  the  computed  particle  size  distributions  for,  respectively,  the  SVHS  and  VHS  formats  at 
f/8  and  at  f/16.  Results  from  the  directly  grabbed  imag^  did  not  differ  substantially  from  the  SVHS  results. 

Since  each  sub-group  contains  6  targets  (3  each,  horizontal  and  vertical),  a  perfectly  measured  size 
distribution  would  be  a  horizontal  line  at  a  value  of  6  (shown  by  the  dotted  line  in  each  plot)  for  all  bins  except 
the  last  two  "overflow"  bins  which  would  be  zero  in  a  perfect  measurement.  The  overflow  bins  were  used 
because  targets  which  are  not  resolved  will  be  lumped  together  and  placed  in  a  larger  size  group,  perhaps  even 
larger  than  the  largest  real  target.  A  comparison  of  Figures  2a  and  2b  (the  SVHS  and  VHS  formats  at  F/8)  shows 
that  the  higher-resolution  SVHS  format  did,  in  fact,  resoive  more  targets  than  the  VHS  format  and  that  resolution 
for  both  formats  apparently  improved  as  the  processing  threshold  was  increased.  A  comparison  of  Figures  2c 
and  2d  (the  two  formats  at  f/16)  is  not  as  straightforward  with  both  formats  performing  better  than  at  f/8. 

Another  way  to  analyze  these  results  is  to  sum  the  targets  detected,  since  there  are  108  individual  targets 
in  the  16  subgroups  utilized,  and  adjacent  targets  which  are  not  resolved  would  be  lumped  together  into  a  single, 
larger  target.  Figure  3  shows  total  targets  detected  for  Figures  2a  through  2d  at  the  different  GS  threshold  levels. 
The  highest  number  of  detected  targets  was  103  with  SVHS  at  f/16  and  a  GS  threshold  of  IS.  The  best 
performance  for  both  formats  was  at  f/16  and  GS  thresholds  of  20  or  less.  At  higher  GS  threshold  levels,  both 
formats  "lost"  targets  at  f/16.  Conversely,  at  f/8,  SVHS  again  outperformed  VHS,  but  both  formats  performed 
better  at  increasing  GS  thresholds. 

Since  an  increasing  GS  threshold  effectively  reduces  the  blur  surrounding  even  a  perfectly  focused  target 
due  to  edge  diffraction  or  imperfect  alignment  of  a  target  image  with  a  pixel  edge  (in  the  horizontal  and  the 
vertical)  and  the  blur  to  the  right  of  a  target  (in  the  horizontal)  caused  by  electronic  overshoot,  linear 
measurements  were  taken  in  order  to  estimate  the  relative  errors  due  to  the  atx)ve  phenomena.  The  vertical 
measurement  errors  for  all  cases  were  minimal  except  for  the  smallest  targets  at  f/8  where  the  imperfect  alignment 
of  a  target  image  on  the  pixel  matrix  could  introduce  a  porportionately  significant  error.  The  errors  in  the 
horizontal  dimension  were,  however,  much  more  substantial  and  are  shown  in  Figure  4  for  f/8  and  Figure  S  for 
f/16.  Also  shown  are  the  computed  errors  after  corrections  for  the  horizontal  electronic  overshoot  for  both  "high" 
and  the  "low"  signal  cases.  For  the  high-signal  case  (f/8),  the  target  GS  values  were  about  2(X)  counts 
(corresponding  to  0.86  V)  and  it  was  assumed  that  the  overshoot  was  simply  a  function  of  system  resolution. 
Therefore,  three  pixels  of  the  original  horizontal  measurements  for  VHS  (640  pixels/240  HTVL  =  3  when 
rounded  up)  and  two  pixels  of  the  original  horizontal  measurements  for  SVHS  (640  pixels/400  HTVL  =  2  when 
rounded  up)  were  attributed  to  overshoot.  The  errors  for  both  formats  after  this  correction  were  reduced  to 
within  about  S%  across  the  size  spectrum  for  the  high-signal  case.  For  the  low  signal  case  (f/16)  shown  in  Figure 
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USAF  1951  Target  Measured  @  F8  on  SVHS  USAF  1951  Target  Measured  @  F16  on  SVHS 
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Figure  2.  See  tnt  for  discussion. 


S,  the  target  GS  values  were  about  50  counts  (corresponding  to  0.47  V)  and  it  was  assumed  diat  the  overshoot 
was  minimal,  not  a  function  of  resolution,  and  that  both  formats  would  return  to  black  level  in  one  horizontal 
pixel.  The  measurement  errors  after  this  correction  were  also  confined  to  about  5%. 


*5  10  15  20  25  30 


OSThfotaoU  Level 

Figure  3.  Total  targets  detected  using  the  SVHS  and  the  VHS  format  at  f/8  and  f/16  (see  text  for  discussion). 


Target  Dimension  (pixels) 

Figure  4.  Horizontal  measurement  error  after  overdwot  correction  at  f/8  (see  text  for  discussion). 

The  goal  of  this  work  is  to  develop  an  algorithmic  correction  for  electronic  overshoot  v^ich  adapts  to 
target  brightness  and  resolution.  The  motivation  is  from  fidd  imagery  where  die  brightness  of  die  images  of  a 
copepod  and  a  diatom  aggr^ate,  for  exanqile,  can  easily  differ  by  an  order  of  magnitude  (see  Section  4.1). 
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Turget  Dimension  (pixels) 


Figure  5.  Horizoatal  measurement  error  after  overshoot  correction  at  f/16  (see  text  for  diacussioa). 

3.  THE  PARTICLE  SIZE  DISTRlBimON 


For  certain  modelling  or  classification  studies,  particle  counts  need  to  be  separated  iifto  size  bins.  A 
particle  size  distribution  spectrum  is  obtained  by  dividing  the  counts  in  a  bin  by  the  width  of  the  bin.  These 
spectra  are  often  described  by  the  hyperbolic  (Junge-type)  power  law  distribution: 


(2) 


where  dN  is  particle  counts  of  size  D,  dD  is  a  diameter  interval  (i.e.  D2'D|),  k  is  a  concentrttion  constant  whidi 
normalizes  the  distribution,  and  B  is  die  negative  slope  of  the  distribution  in  log-log  coordinate  spMe.  The  utility 
of  this  form  is  that,  since  it  describes  a  spectrum  widi  known  normalization,  intercomparison  can  be  made 
between  measurements  with  different  sample  volumes  and  (with  the  assumption  of  a  cominuous  distribution)  widi 
measurements  spanning  different  ranges  of  the  size  spectrum. 

Equation  2  can  be  used  to  calculate  the  numb«’  of  particles  within  a  size  range  of  imerest,  particle  area, 
volume,  or  mass  (when  an  avoage  density  is  assumed).  The  int^ration  for  particle  volume  is  shown  below. 

(3) 

6  6 


V- J  ^kD^-^dD  W 
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(5) 


(6) 

o  u^ 

When  the  measured  particles  are  solid  spheres  and  die  imaging  system  accurately  records  their  sizes, 
equations  3  through  6  are  exact.  If,  however,  the  particles  are  not  spheric^  and/or  have  "holes",  the  equations 
are  approximations.  For  aggregated  particles  built  on  a  matrix  of  TEP,  for  example,  utilizing  a  size  distribution 
(Eq.  1)  where  the  diam^er  is  ESD,  would  lead  to  significant  errors  in  a  volume  determination  (Eq.  S  or  6). 

3.1  Effects  of  the  Conversion  to  Equivalent  Spherical  IMameter 

Because  physical  forces  often  arrange  small,  individual  particles  in  spherical  form  (e.g.  water  droplets), 
the  equivalent  spherical  diameter  is  widely  used  as  a  particle  size  descriptor.  By  definition,  ESD  is  an  exact 
dimensional  descriptor  for  spherical  particles.  It  also  provides  for  exact  conversion  back  to  measured  particle 
cross-sectional  area  with  the  caveat  that  the  area  measurement  retrieved  is  only  the  area  rqiresented  in  the  original 
measurement;  that  is,  only  the  measurable  area  above  some  image  intensity  threshold  and  not  necessarily  die 
cross-sectional  area  of  the  particle  as  imaged  by  another  system.  Particles  that  are,  indeed,  spherical  but  have 
areas  widiin  their  image  which  fall  below  sensitivity  threshold  of  an  imaging  system,  (e.g.  bubbles,  cells, 
spherical  aggregates  formed  around  a  semi-translucent  matrix,  etc.)  will  be  misrepresented  by  an  ESD  description. 
For  example,  consider  a  young  versus  an  older  Larvacean  house.  The  Larvacean  is  a  barely-macroscopic  marine 
animal  which  creates  translucent  filtering  structures  or  nets  which  gradually  accumulate  marine  material.  When 
the  amount  of  accumulated  material  reduces  filtering  efficiency,  the  houses  are  discarded  by  the  animal.  In  die 
conversion  of  measured  optical  area  to  ESD,  a  new  Larvacean  house  would  be  quantified  much  differendy  dian 
a  remnant  house,  even  if  both  had  the  same  geometrical  cross-section,  since  more  of  the  house  would  be 
visualized  because  of  the  accumulated  debris. 
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Figure  6.  ESD  of  a  fractal  object  and  of  a  particle  with  a  complicated  edge  (see  text  for  discussion). 
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To  illustrate,  consider  Figure  6a  which  depicts  different  measurement  strategies  applied  to  a  2-dimensional 
fractal  object,  the  "Sierpinski  Carpet".  The  fractal  scheme  of  the  object  is  apparent  upon  inspection.  Fractal 
Orders  I,  II,  and  III  are  illustrated  and  are  analogous  to  the  same  object  viewed  by  three  imaging  systems  of 
normalized  magnification  of  IX,  3X  and  9X. 

The  graph  in  the  lower  right  of  the  figure  shows  how  the  BSD  measurement  would  change  as  a  function 
of  system  resolution  (or  object  distance,  depending  on  the  scenario).  Also  plotted  are  horizontal  lines  for  the 
maximum  (in  this  case,  the  diagonal),  the  minimum  (in  this  case,  dx  or  dy  in  pixel  space),  the  mean  (defined  as 
the  average  of  all  projections  obtained  by  rotating  the  object  through  360  degrees  in  1  degree  increments) 
geometric  projections  of  the  object,  and  the  "equivalent  spherical  projection"  (ESP),  which  is  discussed  below. 
Even  in  the  Order  I  object,  the  ESD  is  significantly  less  than  the  mean  or  maximum  geometrical  projection  and, 
at  order  III,  is  significantly  less  than  even  the  minimum  geometric  projection.  Again,  for  applications  where  the 
geometric  projection  is  important  or  where  there  is  a  question  whether  apparent  holes  or  particle  edge  features 
are  real  or  merely  below  imaging  resolution  or  sensitivity  threshold,  the  ESD  r^resentation  is  deficient.  For 
these  types  of  applications,  an  alternative  to  the  ESD  representation  is  required. 

3.2  Equivalent  Spherical  Projection  (ESP),  An  Alt«mative  to  ESD 

To  summarize  the  above,  the  ESD  representation  of  particle  size  is  deficient  when:  1)  the  application 
requires  a  measure  of  the  geometric  projections  of  particles  for  dynamical  considerations  (i.e.  differential  setting 
and  impact  probabilities);  2)  for  some  mass  flux  considerations  (i.e.  when  particles  with  organic  components 
which  are  not  imaged  at  the  image  system  maximum  sensitivity  level),and;  3)  in  efforts  which  require  the  inter¬ 
calibration  of  imaging  systems  of  different  resolution.  What  is  required  in  these  circumstances  is  a  methodology 
which  emphasizes  the  geometrical  spread  of  the  intensity  image  of  a  particle  instead  of  the  collapsed  sum  of  the 
image  intensity.  One  method  to  accomplish  this  follows. 

The  method  of  moment  invariants  can  be  used  to  describe  the  distribution  of  radiance  from  a  particle 
within  an  X  -  y  field  (i.e.  a  digitized  particle  image).  The  method  was  first  proposed  by  Hu^  and  utilized  in 
alphabetic  character  recognition.  The  method  was  expanded  by  Teague^  and  by  Dudani  et  al.^,  ^plying  it  to 
automatic  identification  of  aircraft.  The  expanded  method  was  tested  on  computer-generated  objects  and  proposed 
for  ^plication  for  automatic  identification  of  individual  and  aggregated  marine  particles  by  Costello  ^  al^. 
Carder  and  Costello^  tested  the  expanded  method  on  images  of  marine  particles  acquired  by  an  in  situ  holographic 
imaging  system^.  They  reported  that  the  method  successfully  identified  (separated  in  classification-space)  the 
images  of  several  different  types  of  particles. 

The  technique  is  generated  as  follows.  The  two-dimensional  (i  +  j)th  order  moments  of  a  reflectance 
density  distribution  function  p(x,y),  the  image,  are  defined  in  terms  of  Riemann  integrals  (proper,  bounded)  as^^ 

00  00 

”»ij  =  I  I  x'yjp(x,y)dxdy  i,j  =  1,2,3...  (7) 

-OO  -00 


For  the  purposes  of  this  section,  a  description  of  particle  size,  p(x,y)  is  treated  as  a  binary  distribution 
(equal  to  1  if  the  processing  threshold  is  exceeded  and  otherwise  equal  to  0)  and  only  moments  to  second  order 
are  required  .  The  higher-order  moments  are  utilized  in  pattern  recognition  strategies^*^’^’^’^  and  are  not 
constrained  to  binary  computations.  The  low-order  ordinary  moments  are  especially  useful  to  the  extent  that 
m|o/moo,  mo|/moo  locate  the  (x,  y)  coordinate  position  for  the  centroid  of  the  image  intensity  distribution  which, 
in  this  application  of  the  technique,  is  the  centroid  of  the  binary  particle. 
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For  this  i4)proach  to  be  useful  for  automated  image  analysis,  howevw,  the  sample^ace  vectors  generated 
must  be  invariant  with  object  position  and/or  orientation  within  foe  image  fidd.  Translational  invariance  can  be 
achieved  by  foe  determination  of  object  centroid  (from  foe  first  and  zero  order  ordinary  moments)  and 
recalculation  of  foe  ordinary  moments  relative  to  image  centroid  of  foe  object.  This  first  stq)  toward  bofo 
translational  and  rotational  invariance,  however,  can  be  adiieved  (and  conq)utational  time  minimized)  by 
transforming  foe  ordinary  momoits  (mjj)  into  central  moments  (/ijj),  moments  relative  to  foe  centroid  of  foe  (foject 
image.  Using  foe  notation  of  Hu^: 


/*oo 

“  ®00  “ 

(8) 

Mio 

*  Moi  = 

0 

(9) 

/*20 

=  m20  “ 

m5c2 

(10) 

Mil 

=  mu  - 

Mi?? 

(11) 

Mo2 

=  ®02  “ 

M?2 

(12) 

where 

5?  =  ®io/®00»  ?  “  ®0l/®00  * 

Note  that  foe  first-order  central  moments  hiq,  iiqi  are  equal  to  zero  under  this  tranformation.  This  follows 
intuitively  since  foe  first  order  "spread"  of  an  object  relative  to  any  axis  of  a  coordinate  system  drawn  through 
its  centroid  would  crater  about  foe  origin. 

These  central  moments  can  then  be  utilized  to  produce  moment  functions  which  possess  foe  desired 
invariance  with  rotation  and  translation.  Seven  such  functions  were  first  formulated  in  foe  pioneerine  work  by 
Hu^.  Two  of  these  functions  are  relevant  here  and  are  presented  following  foe  form  of  Dudani  et  al.*: 


—  (/i2o  +  IHa) 

M2  =  0*20 ' 1*02)^ 

which  correspond  to  foe  classification  factors,  X  and  Y,  utilized  by  Hu^.  Four  additional,  moment-graerated, 
elliptical  classification  (measurement)  factors,  originally  devdoped  by  Teague^,  are  relevant  here. 

Of  ~  (0*20  /*02  (0*20  ■  #*02)^  (^^ 

f  =  (0*20  +  /*02  '  (0*20  •  Mob)^  +  4Mn^)‘^)2/Moo)‘^  (16) 

r  =  (l/2)tan->(2MMO*20  -  A*02)')  (17) 

F  =  /*0(/»«i'  (18) 


These  ftotors  characterize  any  image  as  a  constant  intrasity  dlipse  with  intensity  F  inside  and  zero  outside, 
defined  by  foe  semimajor  axis  a,  semiminor  axis  ^  and  angular  orientation  F  within  the  2-dimensiona]  coordinate 
fidd.  The  method  is  dso  computationally  attractive  since  it  requires  foe  computation  of  moments  to  only  second 
ordra.  Additionally,  since  a,  j*,  and  F  can  be  expressed  in  terms  of  /iqq  (an  invariant  quantity)  and  foe  Moment 
Invarirat  FuiKtions,  M|  and  M2  (F<1-  13  and  14),  foe  results  are  invariant  to  object  rotation  and/or  translation. 
The  factor  F,  on  foe  ofoer  hand,  contains  object  orientation  information  and,  hence,  is  not  an  invariant  function. 
(Note  that  equations  IS  and  16  presrated  here  differ  from  equations  for  a  and  shown  in  C^er  and  Costello^, 
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their’s  containing  a  typogr^hical  error.) 


In  order  to  provide  insight  into  the  mathematics  employed,  consider  Equations  IS  and  16  as  applied  to 
the  image  of  an  ideal  sphere.  In  this  case,  nn  =  0,  ^20  ~  /'02  ^  equations  are  equivalent,  consisting  of 
a  linear  dimmision  normalized  by  a  factor  of  two  in  the  numerator  and  by  the  square  root  of  the  image  power  in 
the  denominator.  The  square  root  of  the  image  power,  however,  also  is  embedded  in  the  numerator,  a  result  of 
the  inclusion  of  image  power  as  a  factor  in  Ae  original  moment-gen«'ating  function  (Eq.  7).  The  linear 
dimension,  then,  is  directly  equivalent  to  the  radius  of  dte  sphere  and  exactly  equal  to  ESD/2.  Th««fbre,  2a  = 
2j’  =  ESP  =  ESD.  For  non-spherical  particles,  the  area  of  the  elipse,  vaj;  can  be  transformed  to  the  ESP 
dimension  by  ESP  =  2(ai)'^. 

For  the  Sierpinski  Carpet  shown  in  Figure  6a,  for  example,  the  increased  interior  porosity  between  Ordos 
I  and  III  changed  the  calculated  ESD  by  15%  while  the  ESP  changed  only  4%.  Figure  6b  demonstrates  the 
consequences  of  using  ESD  for  two  particles  similar  in  maximum  and  minimum  dimensions  but  with  one  having 
an  intricate  edge.  (This  could  also  demonstrate  the  same  particle,  with  the  edge  intricacy  resolved  in  one  system 
but  not  resolved  in  another.)  Here,  the  ESPs  for  the  two  objects  differ  by  S%  while  the  ESDs  differ  by  40%. 

33  Relationship  Between  the  ESD  and  the  ESP  Representation  of  Length 

The  relationship  between  the  ESD  and  the  ESP  rq>resentation  of  object  length  is  not  readily  apparent. 
A  simple  observation  which  sheds  light  on  the  relationship  is  that,  for  a  common,  naturally  occurring  particle 
shape,  an  ideal  sphere,  the  ESD  and  ESP  are  equivalent.  For  particles  with  holes  or  otherwise  not  conforming 
to  diis  ideal  shape,  the  ESD  describes  the  diam^er  of  the  collapsed  area  of  an  object  while  the  ESP  describes  the 
diameter  of  the  geometric  spread  of  the  object.  A  higher  level  of  understanding  of  the  relationship  can  be  realized 
through  the  observation  that  /iqq  is  the  measured  area  of  a  binary  object  (the  sum  of  all  pixels  above  threshold, 
regardless  of  position).  Then  following  the  definition  of  ESD,  ESD  -  [(4/x’)poo)]'^,  and  from  the  previous 
section  ESP  =  ((4/x)iroJl*^  =  2(oi)‘^.  This  is  the  diameter  of  the  spherical  equivalent  of  the  moment¬ 
generated  ellipse  (or  sphere,  in  the  case  of  X-Y  symm^ry).  The  relationship  between  ESD  and  ESP  is  perhaps 
most  readily  illustrated  by  their  ratio,  ESD/ESP  which  can  be  expressed  as  ((4/ir)/iool'^/(2(<>^’^l  ^  reduc^ 
to  (fioo)'^/(«‘aJ)'^.  Now  recalling  Eq.  18,  F  =  which  describes  the  measured  object  area  over  the 

computed  area  of  the  geometric  spread  of  the  object,  and  is  directly  related  to  the  object  "porosity".  When 
porosity  is  defined  as  the  percentage  of  the  area  of  the  geometric  spread  of  the  object  which  is  not  filled  by  the 
object,  F  =  (1  -  porosity)  and,  hence,  could  be  termed  the  "fill-factor".  Therefore,  the  ratio,  ESD/ESP  =  (F)'^, 
the  square  root  of  the  object  fill-factor,  a  potentially  valuable  analytical  measurement.  Additionally,  through  the 
functions  involved  in  the  ESP  computation,  information  regarding  object  shape  and  orientation  are  also  available 
and,  when  higher-order  moments  are  considered,  automated  image  pattern  recognition  is  possible. 

4.0  Field  Measurements 

In  situ  particle  imagery  was  obtained  in  40  deployments  of  the  Marine  Aggregated  Particle  Profiling  and 
Enumerating  Rover  (MAPPER),  an  instrument  system  developed  during  the  ONR  Accelerated  Researdi  Initiative 
Significam  Interactions  Governing  Marine  Aggregation  (SIGMA).  The  MAPPER  system  and  the  type  of  data 
acquired  are  described  by  Costdlo  et  al.’  volume)  esewhere**'®**'.  Succinctly,  MAPPER  is  a  free-fall, 
vertical  profiling  system  which  utilizes  structured,  visible  diode  laser  illumination  to  produce  a  thin  sheet  of  light 
at  the  image  planes  of  three,  synchronized  CCD  video  cameras  of  differing  magnifications.  This  unique, 
synchronous  imagery  from  the  three  independent  cameras  allows  the  investigation  of  imaging  artifacts  which 
would  not  be  noticed  nor  quantifiable  in  a  system  with  a  single  camera. 
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4.1  Individual  particles 

Figure  7  shows  the  BSD  and  ESP  measurements  of  a  circa  15  mm  diam^er  organism  ("jellyfish")  imaged 
by  the  MAPPER  "medium  field"  (MF)  camera.  Much  of  the  organism  is  transparent  at  the  sensitivity  level  of 
this  imaging  system,  that  is,  the  sensor  did  not  collect  enou^  photons  from  those  areas  to  raise  the  ou^ut  voltage 
above  0.34  volts.  With  higher  system  sensitivity  or  higher  illumination,  and/or  by  manipulating  the  variables 
in  Equation  1,  the  transparent  areas  would  be  visualized  and  the  ESD  measurement  would  change  consid^ably 
more  substantially  than  the  ESP  measurement  as  is  illustrated  in  the  graph  at  the  lower  right. 

Figure  8  is  a  mosaic  of  the  three  images  of  a  single  particle  simultaneously  acquired  by  ail  three 
MAPPER  cameras.  It  shows  the  effects  of  size-measurement  artifacts  introduced  by  the  spatial  resolution  (here 
a  function  of  magnification)  of  an  imaging  system  combined  with  electronic  overshoot.  The  images  were  digitized 
at  640  X  480  pixels  from  the  three  time-coded  S-VHS  video  tapes  which  are  recorded  in  situ  during  a  MAPPER 
deployment.  During  this  series  of  deployments  (April  1994,  East  Sound,  San  Juan  Islands,  WA),  the  pixel 
resolution  for  the  three  MAPPER  imaging  systems  were  285  pm,  85  pm,  and  17.5  pm,  respectively,  for  the 
large-field  (LF),  medium-field  (MF),  and  small-field  (SF)  cameras.  The  three  images  at  the  bottom  of  the  figure 
are  normalized  to  the  SF  magnification. 

Figure  9  plots  the  measurements  of  the  particle  from  die  three  systems  at  GS  threshold  values  3  through 
24.  The  ESD  measurements  at  the  three  different  manifications  differ  considerably  while  the  ESP  measurements 
generally  agree.  Processing  at  higher  GS  thresholds,  on  the  other  hand,  did  not  affect  any  of  the  measurements 
substantially  with  the  exception  of  the  SF  ESP  measurement  which  fell  appreciably  at  GS  =  9,  apparendy  when 
one  or  both  of  the  organism’s  antenna  becoming  "disconnected"  at  that  GS  threshold  level. 

4.2  Size  Distributions 

Figure  10  shows  size  distribution  spectra  (expressed  as  ESD)  for  the  entire  water  column  for  a  MAPPER 
deployment  during  the  East  Sound  experiment.  The  data  were  generated  by  analysis  of  the  images  of  60,130 
individual  particles.  Curves  for  each  of  the  three  systems  are  plotted  as  is  the  interpolated  curve  for  all  three 
systems  (solid  line).  Since  the  three  systems  do  not  have  the  same  field-of-view  (FOV),  small-scale  particle 
patchiness  could  affect  inter-curve  agreement,  but  we  feel  that  much  of  the  disagreement  is  due  to  differences  in 
resolution.  This  hypothesis  is  supported  by  Figure  1 1  which  presents  the  data  for  the  60, 130  particles  using  the 
ESP  expression  of  particle  length.  Here,  the  three  fields  agree  more  closely  in  magnitude  and  in  slope. 

Finally,  Figure  12  shows  the  interpolated  curves  from  Figures  10  and  1 1 .  The  curve  obtained  using  the 
ESP  calculation  for  diameter  shows  a  smoother,  more  linear  slope  (B  =  3.57  vs  3.49)  than  that  obtained  using 
the  ESD  because  of  the  better  agreement  between  the  different  fields.  This  is  consistent  with  assumption  of 
continuity  which  is  intrinsic  to  the  Junge-type  description  of  the  size  distribution  (Eq.  2). 

5.0  Summary 

This  work  originated  from  analysis  of  the  data  generated  by  MAPPER,  a  unique,  in  situ  instrument  which 
utilizes  three  synchronized,  co-incident  imaging  systems.  Analysis  of  some  of  the  size  distribution  spectra  from 
multiple  systems  showed  distinct  "bumps"  which  were  indic^ive  of  a  discrete  population.  The  population, 
however,  was  sized  differently  by  the  different  systems.  In  the  MAPPER  system,  however,  the  targ^  range  is 
fixed  by  the  structure-light  sheet,  the  FOV  is  known,  and  conventional  target  sizing  is  not  ambiguous.  This  work 
is  part  of  the  effort  to  understaml  sizing  discrepancies  betw^n  systems. 

This  contribution  demonstrates  the  following: 
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f  igure  7.  The  ESP  and  ESD  representations  of  the  size  of  a  marine  organism  (see  text  for  discussion). 
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1)  System  response  to  bright  targets  is  a  function  of  target  contrast,  sensor  sensitivity,  threshold  setting,  and 
image  resolution.  Its  effect  on  particle  size  can  be  interpreted  and  corrected. 

2)  Image  resolution  affects  derived  particle  size  spectra.  Errors  depend  on  particle  contrast,  threshold  setting, 
resolution,  and  particle  compactness.  A  modified  size  descriptor  ESP,  which  is  ESD/(F)^^,  has  a  much  lower 
sensitivity  than  ESD  to  variations  in  resolution.  This  allows  more  accurate  intercalibration  of  imaging  systems 
of  differing  resolution  and  radiometric  sensitivity. 

3)  For  high-resolution  systems,  ESD/ESP  provides  a  measure  of  the  compactness  of  the  particles  and  the  method 
utilized  to  generate  the  ESP  also  provides  particle  shape  and  orientation  information,  prerequisites  for  automated 
pattern  recognition. 

In  summary,  through  the  use  of  Digital  Image  Processing,  researchers  are  now  able  to  riq>idly  identify, 
enumerate,  size,  and  classify  targets  within  an  image.  An  automated  DIP  system,  moreover,  allows  for 
unattended  processing  of  a  virtually  unlimited  number  of  images.  Great  care  needs  to  be  taken,  however,  to 
insure  that  Ae  artifacts  introduced  by  the  finite  spatial  resolution  and  radiometric  sensitivity  of  the  system  are 
understood  and  accounted  for  in  the  data  produced.  We  hope  this  work  makes  a  contribution  toward  a  greater 
understanding  of  the  strengths  and  limitations  of  DIP  technology  in  in  situ  applications  where  the  optical 
properties  of  potential  targets  are  cQen  not  well  known  and,  by  definition,  not  controlled. 
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ABSTRACT 

Two  kinds  of  potentials  to  solve  the  scattering  from  a  radi¬ 
ally  inhomogeneous  cylinder  are  presented.  The  models  of  the  ref¬ 
raction  indices  for  which  these  potentials  are  effective  have  be¬ 
en  considered.  The  methods  developed  allow  the  solution  of  the 
scattering  problem  for  any  angle  of  incidence  of  the  plane  wave 
to  be  evaluated. 

1.  MAXNEIX'S  EQUATIONS 

A  nonmagnetic  oylindrically  symmetric  medium,  where  electric 
charge  density  vanishes,  immersed  in  the  homogeneous  nonconduc¬ 
ting  outer  medium  r>a  (r-radial  distance  frcm  the  axis  of  the  cy¬ 
linder),  is  completely  described  by  its  refraction  index  m-m(p), 

f(e(p)-47C«"‘^6(p)i)^^2,  0<p<koa, 
m(p)-'  „  .  (1) 

ir^>0  (iria-oonst),  P>a)<o, 

in  which 

p-kor,  ko-2ja"^ .  (2) 

Here,  p«wave  distance,  ko-wavenumber,  X-wavelength  in  a  vacuum, 
c(p) -permittivity,  6 (p) -specific  conductivity,  woiroular  frequ¬ 
ency.  The  electric  vector  E  and  the  magnetic  vector  H  in  their 
time  free  form  (with  time  factor  e^*'')  satisfy  Maxwell's  equati¬ 
ons 
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ouriH-  ikom^(p)E  , 

-  (3) 

ourlE=-ikoH  . 

V 

The  problem  is  stated  as  follows.  Let  the  refraction  index 
(1)  and  the  sources  of  perturbation  be  given.  The  field  vectors  E 
and  H  within  the  external  region  r>a  of  the  obstacle  described  by 
its  cylindrical  coordinates 

r  (0<r<a),  q»  (0<9<2jt),  z  (~  o^<z<+  )  (4) 

are  to  be  determined.  We  shall  designate  the  quantities  related 
to  the  cylindrical  and  Cartesian  coordinates  by  some  subscripts 
and  superscipts, respectively.  For  any  vector  A,  we  thus  have 

(6) 

i  4  ^ 


in  which  the  corresponding  unit  vectors  have  been  introduced.  In 
the  dimensionless  oylindrioal  coordinates  xi=p,  X2»v,  X3»i;,  where 

4*  koz,  (6) 


we  get 


1 

-  ourlA- 
ko 


1  ^ 
P  ^9 


3A2 

^4 


ii+ 


/ 


^  (pA2)  Hi 


(7) 


In  this  paper  we  ccxifine  ourselves  to  the  case  of  the  plane 
wave  V  as  the  only  source  of  perturbation.  We  suppose  (see  Fig.l) 


(V,x*).it/2  (8) 

and  set 

f-msinoi,  g-moosot,  e-exp(-if4)  (9) 

Let  us  find  the  solution  of  (3)  in  the  form® 

3  3 

A-E  Aiciic,  Ak-cE  aicnexp(inf),  akn-akn(p)  (10) 

where  Ak-Ek  or  Hk-  Having  used  the  fact  of  the  linear  independen- 
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oe  of  the  functions  exp(inf),  it  is  easy  to  verify  the  equivalen¬ 
ce  of  the  system  (3)  to  the  system  of  the  form 


pm^ei- 

fhi+m^eg-ihs'-Af '^3-0  , 
nhi+i (ph2) '+p4f 'h2+pm^e3-0 , 
phi+fpe2+ne3-0  , 
fei-h2-ie3'-^f'e3»0  , 

[  nei+i(pe2)'+p4f''e2-ph3-0 . 


(12) 

(13) 

(14) 

(15) 

(16) 


We  have  dropped  the  subscript  n  which  iian  be  equal  tc  any  in¬ 
teger,  and  the  prime  denotes  the  differentiation  with  respect  to  p. 


2.  POTENTIALS  OF  THE  FIRST  AND  SECOND  KIND 


Beinff  solved  the  equations  (12), (14)  and  (11), (15),  we  ^t 
the  repretentations 

'  ei-  (n/pji)  h3-  ( if /4)  ©3 '  -  (f f '  4/p)  e3  , 

hi—  (nm*/pp)e3'  (if/p)h3'-  (ff '4/p)h3 , 

e2-(i/p)h3'+(fn/pp)e3+(f '4/p)h3 , 

h2—  ( im^/p)  e3 ' + (f  n/pp)  h3-  (m^f '  4/p)  ©3 
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in  terms  of  the  functions  ea  and  ha  which  will  be  called  the  po¬ 
tentials  of  the  first  kind. 

Here,  we  have  put 

4»m^-f ^ .  (18) 

Next,  by  (13)  and  (16),  we  of tain  the  system  of  the  following  or¬ 
dinary  differential  equation  to  determine  the  potentials  of  the 
first  kind: 

jp^e3"+(l-f^R)pe3'+te3-i(Rle3)'-^Rle3-n(ifR^•R2)h3-0  ,  (19) 

I  p^h3*'+(l-m^R)ph3'+'Ch3+i  (Riha)  '+4Rih3+nm^(ifR-R2)e3-0^  (20) 

in  which 

t»pp^-n^  (21) 

R-2pmVpm,  Ri«pm*  f^^ji  R2-ff'A4  ^ .  (22) 

From  (19)  and  (20)  it  follows  that  e3«0  implies  ha-O  and  ha-O 
implies  e3«0, respectively. 

Let  us  consider 

Model  1.  m-oonst,  f>0. 

In  this  case  p^const,  too,  and  we  get  the  known  results  (cf.(A4)) 

ei=(n/p)3-ifZ'  , 

hi=- (nm^/p)Z-if3' , 

e2=  i3*+(fn/p)Z  , 

h2»- im^Z' + (f n/p)3  ^ 

ea-jiZ , 

, ha-pS , 
where 

Z-Zn  ii/ip) ,  3-3n  (fW) 
are  any  cylindrical  functions. 

In  turn,  being  solved  (11),  (16)  and  (13), (14), we  get  the 

representations 


(23) 


(24) 
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'  ei-  ( in/ v)  e  * + (f  p/ v)  n-  (nf  *  4/v)  i  ^ 
hi-(in/v)Ti'-  (fpin*/v)i-  (nf '4/v)ii  ^ 
ee.(l/p)e, 

I  h2-(l/p)7», 

e3»-(ip/v)Ti'+(fn/v)e-(pf'4/v)i» , 

,  h3»(ipm*/v)e'+(fn/v)n-(f'4/v)e 

in  terms  of  the  functions  s  and  n  which  will  be  called  the  poten¬ 
tials  of  the  second  kind.  Here,  we  heve  put 


v-pV-n^  . 


(28) 


Next,  by  (12)  and  (15),  we  obtain  the  system  of  following  ordinar 
ry  differential  equations  to  determine  the  potentials  of  the  se¬ 
cond  kind: 

'  p2e*»+(i+2m'p/m“V' A/p)pe'+t8+ifn(pv'4/m*v)n  *  0  (27) 

p2Tj"+(l-v'4/p)pn'+tn-ifn(pv'A/v)c  *  0.  (28) 

From  (27)  and  (28),  it  follows  that  e-0  Implies  w-0  and  n-O 
implies  e>0,  respectively. 

Let  us  consider 

Modal  2.  m(p)4/fp~^  (M-oonst),  f>0. 

In  this  case 

v-M^-n^  (29) 

is  a  constant.  By  the  use  of  (Al)  and  (A3),  we  get  from  (27)  and 
(28) 

hi-in^'-(fM^/p)z^ 


e2*vz , 


h2-(v/p)^, 
e3--ip|'+fnpz, 
h3-(iM*/p)  (pz)  '+fn$ , 


(30) 
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where 


z-Zyp:v(ifp),  j-Z/=7(ifp).  (31) 

Model  8.  m(p)«li|f>'^  (M-oonst),  f-0. 

By  the  use  of  (A2)  and  (M),  we  get  from  (27)  and  (28) 


ei-in(pQ)'^ 
hi*inq' ^ 

.  eg-vQ  , 
h2-(v/p)q  ^ 
e3--ipq' , 

where 

Q-Q/I^(p),  q-Q/=v(p) 

and  (29)  have  been  used. 


(32) 


(33) 


3.  INCIDENT  PLANE  WAVE 

For  any  fixed  angle  of  incidence  a,  the  plane  wave 

E«8(-Ei°ainoii^+E2°i^+Ei®coscti®)  , 
H-nteiB(”E2°slnai^-Ei°i^+E2®costfi^)^ 
where  Ei^  and  Eg^  are  arbitrary  ccnstants  and 

e>exp  (-  in^o  (xicosotf xasinct) )  (36) 

satisfy  the  Maxwell  equaticns  (3)  within  the  region  r>koa  (see 
(1)  and  Fig.l).  It  can  be  directly  verified  without  difficulty. 

With  the  help  of  transition  formula 
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CAi,A2,A33^-CCA^,A*,a3]  , 

oo3f  sinf  0 
C-  -sinf  cosf  0 
0  0  1 


(36) 


we  find  the  oorresponding  oylindrioal  components  of  (34): 

IEr^-CCEiQsinaeooaf+Eg^sinf)  , 

E^*e(Ei®sinasinf4-E2®oosf)  , 

E2-eEi°oosct 


(37) 


ana  _  > 

'  Hr-n^e  (-E2'^sinoK30Sf-Ei^sinf )  ^ 

"  H^-BVaE(  E2°sinotsinf-Ei°oosf),  (38) 

[  H2-n^E2^ooSGt. 

Usinff  (A.5)-(A.7),  we  are  able  to  write  these  components  in 
the  form  (10),  namely, 

'Er-^(-iEi®sinctJn'  (8P)+E2°tn(Ep)  (-i)"exp(inf)  ^ 

^  E,^i«£(Ei°ainattn(8P)+iE2°Jn'(8p)(-i)"exp(inf)  ,  (39) 

E2-eEi°oosa£jn(Bp)  (-i)^xp(inf) 
and 

'Hr-nte^(-iE2°sin«Jn'  (BP)-Ei°tn(«p)  (-i)'^xp(inf)^ 

-  Hy-ma^(E2°3in«in(«p)-Ei°Jn'(gp)(-i)"exp(inf)  ,  (40) 

H2-ma8E2°ooso&n(«p)  (-i)^xp(lnf ) . 

We  have  used  (9)  with  m-i%  and  (A8) . 


(39) 


(40) 


4.  STANDARD  MODEL  OF  APPROXIMATION 

The  particle  under  consideration  oan  be  treated  as  k-layer 
oylindrioal  shell  (k«  1,2,...).  Similar  oonstruotin  was  used  ear¬ 
lier^  in  the  oase  of  a  sphere.  Standard  model  of  approximation  is 
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termed  as  one  described  by  the  refraction  index 


m(p)- 


r  M(xo) , 

J  XiM(Xi)p"^^ 


where 


ma  , 


0  <  p  <koao 

koai-i<  p  <  koai  (i-  l,...,k) 

P  >  , 


(41) 


Xi-  0.6ko(ai-i+  at),  a-i»  0  (42) 

The  rigorous  solution  due  to  the  standard  model  oan  be  found  in 
terms  of  the  above  reasoning.  Indeed,  we  are  able  to  write  the 
boundary  conditions  for  the  field  vectors  E  and  H  on  the  basis  of 
the  expansions  of  the  type  (10)  for  the  waves  involved  and,  then, 
taking  advantage  of  the  linear  independence  of  exp(in»),  we  obta¬ 
in  the  linear  system  of  algebraic  equations  in  the  unknown  coef¬ 
ficients  ekn-  eicn(p)  and  hkn"  hicn(p)  (k-  1,2,3;  n«  any  integer). 


APPENDIX.  SOME  AUXILIARY  FORMULAS 


Let  us  denote 

rz^(x)-AJ^(x)+BYv(x) 

1  Qv(x)-Ax^+Bx“'' 

where  A  and  B  are  arbitrary  constants.  It  is  known  that 
r  x^y"+axy'+Ox^**+b)y-0  (otfl»^) ,  then 
1  y-x'^"®^''^Zg(K^  v-l/2ot^(l-a)*  -4b 

and 

'  x2y”+axy'+by-0,  then 

y.x(l“«)/ZQ^(x) ,  v-l/2/(l-a)’"-4b 

In  turn,  we  have 

exp(-igp  oosf)-  L  (-i)‘^Jn(gp)exp(inf) 

•  •• 

'  exp(-lgp  oosf)oost- J&(-l)"Jn'(gp)exp(int) 
exp(-lgp  oos*)sln(,-  £  (-i)"in(tp)exp(iny) 


(Al) 

(A2) 


(A3) 


(A4) 

(A6) 

(AB) 

(A7) 
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where 


tn(x)-nx"^Jn(x)  (A8) 

Formula  (A5)  follows  from  the  expansion 
exp(izsinf)^  Jn(z)  exp(inf) 

while  the  proof  of  (A6)  and  (A7)  is  based  on  the  relations: 
’Jn-l(x)’Jn+l(x)-  2Jn'(x) 

Jn-l(x)+Jn+l(x)-  2tn'(x) 
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Intensity  of  the  water  fluorescence  variation  caused  by  organic  matter 
transition  from  suq)ended  state  into  the  solution 
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ABSTRACT 

In  the  context  of  notions  earlier  devel(q)ed  for  absorption  spectra  the  correlation  between  the  suq)ended 
matter  fluorescence  intensity  and  solution  one  is  obtained.  A  model  with  help  of  which  the  relation  has  been 
obtained  involved  a  new  method  of  consideration  of  °rciting  radiation  abwrption  and  reabsorption  of  the 
fluorescence  emission  by  a  suspended  matter  -rticle.  ilie  form  of  the  suqxnded  matter  particle  was 
approximated  by  a  sphere.  The  quantity  estimatio  this  efiect  valiu  I7  the  example  of  phyti^lankton  in  the  water 
is  considered.  E}q)erimental  res^  of  the  sea  water  fluorescence  intensity  chan^ng  caused  I9  organic  matter 
transition  from  phytoplankton  cells  into  the  solution  are  discussed. 

1.  INTRODUCTION 

Determination  a  connection  between  spectra's  intensities  of  particulate  and  dissolved  matter  is  important  for 
optical  investigation  the  ocean.  Correlation  between  absorption  spectra  susqxmded  matter  and  solution  studied  for  a 
long  time.  Analyticai  coimection  was  received  between  absorption  coefficients  of  solution  and  homogeneous  particles 
in  continuous  medium  containing  an  equal  amount  of  the  same  absorbing  substance ' : 

^  \  NS 

*  “  Qa(pv)  •  y  .  (1) 

where;  Q.  (pv)  -  dimensionless  efficiency  factor  for  absorption,  that  is  defined  as  the  ratio  of  energy  absoibed  within 
the  particle  to  the  energy  impinging  on  its  geometrical  cross-section  S.  Equation  for  Q,  (pv)  was  given  for  q>herical 
particle  with  refractive  index  n=  n’  •  i  n”  ,  wh^  n’  is  close  to  surrounding  medium  one  and  imaginaiy  part  n” 
remains  small .  N  -  number  of  uniform  size  particles  in  a  volume  V  of  suspension;  p=K  1,  wiieie:  K  •  absorption 
coefficient  of  the  particle,  1  •  diameter  of  the  sphere.  It  was  shown,  that  the  most  difieience  between  suspended  state 
and  solution  intensities  is  when  the  parameter  pv  value  is  great.  Relationship  received  was  used  for  investigation 
phytoplankton  absorption  spectra  in  the  sea  water.  The  problem  of  connection  between  fluorescent  spectra  of 
suspended  state  and  solution  one  is  not  solved  correctly  at  the  present  time.  The  influence  leabsoiption  ^ect  on 
fluorescence  spectra  phytoplankton  chloroplasts  was  investigated  and  equation  for  calculation  was  offered  But  it 
was  assumed  that  considei^on  of  the  effect  for  spherical  particle  may  be  done  sqiarately  for  exciting  light  and 
emitted  light.  Arguments  for  confirmation  this  assumption  are  ab^t.  That  is  why  the  connection  between 
fluorescence  intensities  of  particulate  matter  and  its  solution  must  be  determined. 

2.  THEORY 


Let  us  consider  a  connection  between  fluorescence  intensity  of  suq)ended  state  and  solution  on  the  basis  of 
fluorescence  phenomenon  as  a  combination  processes  of  absorption  and  emission  by  molecular  with  frequencies 
accordingly  v  and  v‘  .We  shall  consider  only  influence  difference  of  light  absorption  efficiencies  with  frequencies  v 
and  v‘  by  suqiended  state  and  solution  on  its  fluorescence  intensity.  We  do  not  consider  influence  of  other  flictors 
that  transition  organic  matter  from  particulate  state  into  solution  accompany  on  quantum  efficiency  its  fluorescence 
(^h  as  fluorescence  quenching,  variation  own  molecular  characteristics  et.al).  Dimensionless  flK:tor  of  particle 
fluorescence  efficiency  Qr  can  be  determined  as  a  product  of  dividing  quanta  nundier  of  fluorescence  emission  by 
exciting  emission  one  that  falls  on  its  geometrical  cross-section  with  considering  quantum  fltrorescence  efficiency  of 
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molecular  a  =  1.  Equations  for  fluorescence  powers  of  suspended  matter  Wp  and  solution  W.  ,that  equal  amounts  of 
fluorescence  matter  contain  are; 


Wp  =  Qfa-^L.Wo.^. 


w,  =Kv  o 


N- V 
V 


L- Wo.--, 


where;  Wo  •  excitation  light  power,  Kv  -  absorption  coefficient  for  absorbing  substance  of  particle  at  excitation 
frequency,  v  -  volume  of  particle,  L  -  optical  layer  thickness.  Thus,  connection  between  fluorescence  intensity  of 
particulate  matter  Ip  and  solution  I,  is  given  ^  equation; 

=  Qf  •  y  'Is  =  Qf  ■  Is-  W 


To  compute  Qr  value,  consider  the  qjherical  particle  with  radius  R.  The  begitming  of  Cartesian  coordirutes 
is  put  in  center  of  homogeneous  particle.  The  exciting  light  flux  with  density  of  quanta  Pv  is  parallel  "X”  axis  and 
registration  of  fluorescent  emission  is  in  axis  "Y"  direction  in  the  little  solid  angle.  Accordingly  with  earlier  works 
we  consider  conditions,  when  particle  retractive  index  is  near  that  of  surrounding  medium,  such  that  the  rays  are  not 
bent  during  their  passage  thrwgh  the  particle.  The  number  of  fluorescent  emission  quanta  from  the  elementary 
volume  dx  dy  dz  that  reaches  the  surface  of  the  sphere  is  proportional  the  number  of  exciting  quanta  ^>sorbed  by 

layer  dx  •  Pv  Kv  dx  dy  dz,  multiplied  by  functions  cxi|^-Kv  •  (/r2  -  z^  -y2  -  x]]  and 


Kv  dx  dy  dz,  multiplied  by  functions 


-y]]  These  fimctions  take  into  consideration  the  light  flux  absorption  in  the  qjhere 

with  frequencies  v  and  v'.  The  number  of  fluorescent  quanta  emitted  I9  particle  per  time  unit  can  be  determined 
after  integrating  over  the  volume  of  sphere.  After  dividing  result  of  integrating  by  quanta  number  of  exciting  light 
that  falls  on  particle's  geometrical  cross-section  per  time  unit  -  Pv  n  R^  equation  for  Qrvalue  is  given  I7; 


0  .0-3  Ll  2  1  ^  ^ 


-Vr2-z2-x2 


exi^-Kv^^VR^  - 


z2-x2 


Kvdy. 


Equation  (S)  for  Qr  differs  ffom  corresponding  equation  that  was  presented  earlier,  because  it  is  not  a 
product  multiplication  factors  of  absorbency  efficiencies  at  frequencies  v  and  v* . 

Let  us  estimate  Qr  value  with  help  of  equation  (S)  for  various  optical  densities  of  particles.  Equation  (S)  was 
solved  with  help  of  numerical  method.  Sphere  volume  was  presented  as  a  sum  of  cubes  with  side  dimension  2R/N’, 
where  N’  was  10.  The  error  of  estimation  sphere  volume  was  less  then  2  %  .  Resuh  of  numerical  analysis  equation 
(5)  shows  Qr  value  dependence  on  parameters  pv~2R  Kv  and  pv-  =  2  R  Ky  only.  With  help  of  equations  (4),  (S) 
connection  between  Qr  and  Qi*  for  spherical  particles  can  be  obtained; 


Qf  = 


3  Qf 

2Pv 
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3.  RESULTS 


Results  of  calculation  Qr  values  for  different  pv  and  Pv-  are  presented  in  figure  1.  The  range  of  Pv  and  Pv- 
variation  was  chosen  on  the  base  of  pl^oplankton  size  variation  liniit  and  absorbency  properties  of  the  cell  material. 
These  particles  in  the  water  satisfy  conditions  that  nliere  made  for  refractive  index  value.  It  is  necessary  to  notice 
that  Q,  (pv)  dependencies  for  absorption  and  Qr  (pv)  one  with  pv-  constant  (  see  figure  1  )  are  similar.  Really,  it  is 
growth  Qf  value  with  Pv  increasing.  Functions  Qf*(Pv)  for  fixed  pv-  are  presented  in  figure  1.  Results  of  analysis  show 
the  more  significant  influence  the  considered  effect  on  fluorescent  spectra  intensity  then  on  absorption  one.  This  is 
result  of  “two  quanta”  nature  of  the  fluorescence  phenomenon  that  is  a  product  of  absorption  and  emission  light  by 
molecular. 

Qf>Qf* 


Function  Qf(pv) 

1  Pv-  =5 

2  Pv-=2 

3  Pv-=1 

4  Pv-  =0.5 


Function  Qf*  (pv) 

5  Pv*  —  5 

6  Pv-=2 

7  Pv-  =  1 

8  pv-  =  0.5 


One  of  the  most  important  problems  of  the  sea  water  fluorometry  is  determination  chlorophyll 
concentration.  Calibration  of  fluorometers  usually  fulfills  with  help  of  chlorophyll  solutions,  but  natural  sea  water 
contains  chlorophyll  as  chloroplasts  in  phytoplankton  cells.  It  is  necessary  to  take  into  consideration  this 
circumstance  for  quantitative  investigations.  us  compare  results  of  using  above-mentioned  theory,  early  suggested 
theory  and  data  of  laboratory  investigations  of  chlorophyll  concentration  in  the  sea  water  that  phytqrlankton  cells 
with  different  diameters  contain.  Ejqierimental  fluorescence  intensities  P  ^  ,  results  of  calculation  Qf*  values  with 
help  of  equations  (4),  (5),  (6)  and  on  the  basis  of  early  theory  are  presented  in  relative  scale  in  table  1.  for 
different  types  of  phytoplankton.  Calculations  were  made  with  using  parameters  Kv  =  2  10'^  m''  and  pv-  =  0.43  pv 
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T^le  1.  Influence  the  transition  from  the  phytoplankton  to  the  solution  on  chlorophyll  fluorescence  intensity  for 
dififeient  phytoplankton  types. 
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It  is  clear,  that  using  theory  allows  to  decrease  an  error  of  determination  chlorophyll  concentration  caused 
by  variation  phytoplankton  size.  Moreover,  it  describes  fluorescence  intensity  dependence  from  pliytq;>lankton  size 
b^er  than  metlKxl  earlier  suggested. 


4  CONCLUSION 

The  presem  results  can  be  used  for  quantitative  estimation  of  fluorescence  intensity  variation  caused  1^ 
or^nic  matter  transition  from  the  particles  into  the  sotudon.  An  acanq)le  of  determination  chlon^hyll  concentration 
in  sea  water  shows  an  error  of  such  estimation  in  laboratory  conditions.  This  error  is  caused  by  assumptions,  that 
were  done  in  theory  and  by  other  reasons.  Some  of  these  reasons  in  natural  conditions  are  unhomogeneous  of 
phytoplankton  composition  and  effects  of  photoadiqitation.  These  reasons  must  be  considered  during  sea  water 
investigations  with  help  of  fluorometers. 
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ABSTRACT 


This  rqKHt  is  dealing  with  the  problem  of  estimation  the  damages  to  environment  caused  by  the  crude  oil  (or  oil 
products)  spills  fixnn  the  underwater  sources.  The  peculiarities  of  the  oil  movement  caused  flotation  and  turbulence  in 

the  deep  sea  were  considered  on  the  basis  of  assunq>tion  that  the  oil  diqiersed  on  the  sqntate  drops.  It  is  showed  that 
Ithe  oil  which  coming  to  the  surflax  is  divided  into  sqjarate  clasters  in  accordance  with  sizes  of  drops.The  mathematical 
e^qnessions  were  obtained  that  permited  to  evaluate  the  sizes  of  oil  drops  and  clusters  as  wdl  as  oil  concentration 
depending  on  time.  The  anafysis  of  aq)erimental  data  confirmed  the  themetical  results  while  using  the  diesel  oil.  Its 
dr^  had  sizes  fiom  0.10  to  1.34  mm.  The  diesel  oil  concentration  in  clusters  correq»nds  to  theoretical  predictions. 


1.  EXPERIMENTAL  DATA. 

No  considering  some  problems  caused  processes  of  oil  obtaining  or  crash  shoation  during  its  tranqxntation, 

we  are  concentrad^  on  the  pr^lem  of  creatiiig  effixtive  method  fin  revealing  of  underwater  throwing  out  the  oil 
products  (OP),  which  may  be  stimulated  by  the  throwing  out  from  shi^  (oily  ballast,  bilge  water)  and  severage,  or 
streams  of  oil  products  from  bottom  drill  toles  and  pipelines.  When  OP  qnUs  of  the  sea  surfece  wdrere  studied  and 
possibilities  of  their  obtaining  evaluated,  at  the  same  time  the  underwater  throwing  was  investigated  less  carefully 
eqrecially  its  transfer  and  interaction  *  . 

Convenfionally,  one  of  the  effective  method  of  obtaining  OP  in  the  sea  is  using  an  aviation,  which  permits  to 
perform  monitoring  sea  surfiice  with  velocity  SO.. .500  sq.km/hour  and  space  resolution  fiom  10  to  100  m  accordingly. 
But  in  this  case  there  is  need  for  theoretical  and  erqretiinental  consi^iation  of  optical  characteristics  of  OP  diqiersed  in 
sea  layers,  tlxir  distribution  in  time  and  qiace  and  transfer  under  influence  nati^  processes  as  well  as  quantitative 
characteristics  of  throwing  out.  This  demand  may  be  fulfiled  in  condition  of  metrological  calibration  of  qrparatus.  There 
is  a  need  valid  methods  for  estimating  results  obtained  by  aviation  oi^ical  measurements.  Optical  properties  of  emulsion 
and  solution,  contained  oil  products  and  sea  water,  dqrend  not  only  on  concentration  or  conqrosition,  but  also  on 
temperature  of  water,  sea  and  weather  conditions,  flows  and  others.  Some  researchers  Aress  the  additional  dqrendance 
iQKm  time  of  qnll  existence,  structure  and  particle  size  which  are  diqrersion  system  .  Many  researchers  consider 
possibilities  of  relying  optical  methods  frn  obtaining  OP  in  sea,  such  as  scattering  and  absorption  light  or  fluorescence. 
The  results  of  th^  worics  on  conqiarison  of  sensitivity  different  methods  demonstrate  that  no  one  of  them  have  some 
advantages  while  obtaining  little  concentration  oil  in  water  ^  .  The  values  for  obtain  of  extreme  concentration  fbr 
organic  substances  is  attracted  from  ^  .  Table  1  demonstrated  the  extreme  values  of  organic  concentration. 
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Table  1. 


Optical  method 

Extreme  concentration  mg/1 

Liquid  chromatographv 

0.001...1 

0.001...1 

1  Fluorescent  molecular  spectroscopy 

0.0001...01. 

The  most  effective  method  revealing  organic  substances  is  a  fluorescent  one.  It  allows  to  discover  the  smallest 
portions  of  oil  and  identify  sorts  (kinds,  types)  of  OP  by  exit  light  and  fluorescent  emission  in  some  conditions.  Optical 
characteristics  of  oil  and  its  derivatives  were  defined  in  laboratory  by  means  of  chromatography  with  application  of 
specific  disslvents  and  activators.  Results  of  laser  spectrofiuorimetry  of  oil  (N-laser,  337  tun)  are  showing,  that  the 
maxima  of  fluorescent  emission  lies  in  interval  450.. .530  nm  and  b^d  of  emission  is  equal  to  150  nm  for  majority  of 
samples.  The  oil  extracted  from  various  places  has  various  bands.  The  derivatives  of  oil  has  many  additions,  which 
influence  on  emission  light,  for  example,  time  of  fluorescent  emission  is  1...8  ns  for  oil,  and  from  3. ..4  to  35.. .37  ns  for 
oil  products.  The  application  of  fluorescent  method  in  sea  research  has  two  variations.  The  apparatus  using  this  method 
may  be  installed  on  ship  board  or  underwater  tug  (contact  methods).  Also  it  can  be  assembled  on  board  of  airplane  or 
other  carrier  (non-contact  methods).  Using  non-contact  measurements  it  is  necessary  to  know  the  distribution  of  OP  by 
depth  and  its  concentration  as  well  as  its  optical  characteristics.  The  report  consist  of  experimental  data  which  were 
obtained  by  studying  the  regularity  of  OP  spreading  in  sea  using  the  contact  fluorimeter.  This  fluorimeter  was  specially 
designed  as  submerged  apparatus  for  installation  on  towed  carrier  or  for  installation  on  ship  board  and  sonding  to  depth 
no  more  80  m.  The  on-b^d  part  of  fluorimeter  contained  of  control  and  registration  currents.  The  submerged  part  of 
fluorimeter  included  in  itself  an  optical  scheme.  There  were  two  charmel:  one  of  them  was  intended  for  measurements 
and  the  other  was  intended  for  controlling  the  stimulating  light.  Their  electronic  schemes  were  identical.  The  volume  of 
fluorescent  substances  was  20  cub.sm.  Analogous  systems  of  submersible  fluorimeter  is  described  in  '*  . 

Source  of  exitation  radiation  is  an  impulse  lamp  with  energy  0.25  J.  Frequency  of  impulses  50  Hz,  time  of  light 
inq)ulse  1.5.. .2  mks.  The  lanq)  radiates  in  region  320.. .600  nm,  with  maxima  400.. .500  tun  ^  .  Our  modernisation  of 
typical  scheme  lamp  included  some  investigations  to  extend  time  of  service  and  stability  of  radiation.  Exiting  radiation 
in  apparatus  was  405  tun  and  band  of  radiation  was  45  tun.  The  receivers  of  radiation  were  a  photomultyplaiers  with 
band  of  signal  registration  from  0  to  5  Hz.  The  signals  are  measiued  in  band  50  dB.  Spectral  band  of  measurements 
channel  40  run  with  maxima  550  tun.  The  fluorimeter’s  sensitivity  limit  was  defined  1^  unstable  brigtness  of  impuls 
lamp  radiation,  which  is  more  than  noise  of  receiver  and  amplifier.  That  is  an  essential  feature  of  apparatus;  coefficients 
of  signal  variance  were  from  0.01  to  0.05  with  errors  from  0.001  to  0.005  for  5  Hz  bands.  Afterwards  the  special 
research  was  carried  out  and  a  new  type  9  of  impulse  lamp  was  worked  out  (cappilaty,  with  an  exit  of  light  from  tip  end 
).  In  laboratory  the  sensitivity  of  fluorimeter  was  fiilfiled  on  traditional  method  by  means  of  OP  solution  in  CC14  with 
concentration  50  mg/1.  Graded  graph  was  received  in  laboratory  by  solution  of  sample.  It  allowed  to  estimated  a 
minimal  concentration  of  OP,  which  may  be  detected  (to  0. 1  mg/1). 

The  presence  of  fluorescent  substances  in  sea  water  such  as  a  dissolved  organic  matter  (DOM)  or  chlorophyll 
pigments  (phytoplancton)  is  a  source  for  disturbances,  because  the  optical  bands  of  optical  ban^  of  this  substances  are 
coincide.  For  details  related  to  this  phenomenon  see  *  .  Then  the  first  stage  of  sea  research  was  devoted  to  a  study  of 
fluorescent  field  in  platmed  aquatorium.  Two  or  three  or  more  soundings  were  made  to  each  series  of  experiments.  The 
average  value  of  natural  fluorescence  was  calculated  using  the  data  of  sounding  for  each  concrete  depth.  The  full  cycle 
of  experiments  consist  of  15  realization.  The  variance  of  mean  data  (i.e.  ratio  of  dispersion  to  the  mean  of  signals)  and 
gradients  of  signals  by  depth  are  demonstrated  by  drawing  1.  It  may  be  seen,  that  fluorescent  field  was  very 
heterogeneous.  The  fluctuation  of  apparatus  sigrials  on  constant  depth  in  long  duration  regime  may  be  described  by 
abnormal  statistical  law.  The  princip^  disturbance,  which  we  could  register  in  regime  of  hanging,  was  a  fluctuation  of 
signal  because  of  ship  shake.  This  permitted  us  to  make  a  conclusion;  the  sensibility  of  contact  method  is  determined  by 
noise  of  environment.  The  real  sensibility  of  apparatus  was  18.. .60  mg/1  in  undersea  depth  to  15  m,  and  0.3. ..0.5  mg/1  on 
depth  more  30.. .40  m. 
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The  difficulties  of  carrying  out  of  the  sea  research  with  oil  products  throw  out  are  connected  with  precise 
placing  ship  and  retaining  apparatus  in  confined  region  (not  speaking  about  ecolo-gical  restrictions).  The  method  of 
submersible  throwing  in  our  e}q)eriments  was  analogous  to  one  6  detailed  described  in  ^  .  The  submersible  arrangement 
for  throwing  moved  with  velocity  2  m/s  on  depth  50  m.  The  mixture  of  diesel  oil  and  sea  water  (75 1  of  OP,  1:3,  density 
about  0.865)  was  prepared  and  located  in  special  tank.  This  mixture  thrown  out  during  more  10  min,  that  is  less  0. 125 
1/s  oil.  Research  vessel  drifted  with  mean  velocity  0.2  m/s.  The  apparatus  was  positioned  on  constants  dqrth  or  it  may  be 
sounding  in  interval  from  5  to  55  m.  An  alteration  of  signal  was  connected  with  ^jpearence  of  OP  in  scanning  space. 
During  observation  and  result  processing  this  event  was  identi-  fied  with  other  independent  data.  The  conditions  of 
experiment  is  showed  in  Table  2. 


Table  2. 


Character 

Value 

Depth  of  transition  zone  of  fluorescence: 

-  upper  boimdary 

-  lower  boundary 

5  m  at  begiiming  of  experiment, 

10  mat  end  of  experiment, 

24  m  at  beginning, 

29  m  at  end. 

Maxima  gradient  of  fluorescence 
in  transition  zone; 

0,058.. .0.056  conditonal  units/m.’ 

Gradient  on  positioning  depth  (12  m); 

0.0 1 2. .  .0.022  conditional  units/m.’ 

Wind 

The  sea-way  ’ 

120  grade,  7-8  m/s. 

2-3  ball 

The  conditions  of  sending  : 

-  depth, 

5.55  m. 

mean  velocity  of  sending- 

0.15  m/s. 

diameter  of  windows 

0.03  m. 

response  time 

0.06  s. 

During  the  first  experiment  it  was  registered  a  signal  fluctuation  in  background  condition  (constant  dqrth)  with 
following  characteristics ; 

maxima  attitude  of  means  -  1.6  conditional  units, 

coefficient  of  variance  -  0.22. ..0.25. 

The  maxima  signals  in  region  of  throwing  -  more  then  25  conditional  units. 


Drawing  2  demonstrates  a  copy  of  signal’s  tape  recording  after  throwing  out  the  OP.  An  e?q)eriment  started  at 
1  lh43min  with  duration  of  measuring  more  than  120  min  (time  constant  of  recording  was  12  s).  During  research  four 
experiments  were  fulfilled,  but  only  two  from  four  was  resultative.  Along  with  a  registration  of  signals  on  constant 
depth  (12  m)  it  was  periodical  soun-ding  from  a  horizon  of  throwing  (50  m)  to  the  surface  (plot  7  and  10  on  drawing  2). 
It  is  possible  to  emphasis  one  or  several  layers  by  tape  record,  where  it  is  mark  an  increasing  level  of  fluores-cence.  It  is 
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identify  as  a  OP  layers  (see  scheme  on  drawing  1).  The  upper  boundary  of  the  most  fluorescent  layers  \v:\s  on  dq>th  10  m 
and  thickness  of  layer  was  18..25  m  at  the  end  of  observing.  During  the  second  experiment  analogous  results  was 
received  but  after  180  min.  The  evaluation  of  drops  velocity  coming  to  the  sea  si^ace  give  that  data;  0.0074  m/s  for 
“easy”  ftaction  (upper  boundary)  and  0.0028  m/s  for  “heavy”  one  (lower  boundary).  The  processing  of  the  same 
soundings  signals,  but  registered  on  magnetic  tape  (time  of  meaning  less  0.5  s),  allowed  to  see  that  a  signal  consist  of 
short  time  impulses  with  a  much  more  amplitude  (drawing  3,  respective  to  plot  7  on  drawing  2).  On  this  recording  it  is 
possible  to  emphasis  3  layers,  which  consist  of  impulses  be  noted  for  amplitude  and  frequency.  Impulse  nature  of 
registered  sigiials  in  sounding  regime  and  in  longitudinal  observation  on  constant  dq)th  12  m,  just  alternation  layers  of 
clear  water  with  OP,  give  a  reason  to  consider  that  a  underwater  throwing  is  dispersed  (in  process  of  rise  to  the  surface) 
on  the  accumulations  of  close  size  drops  (clusters).  Each  accumulation  rise  to  the  surface  with  distinguish  velocity  of 
propagation.  The  peculiarity  of  apparatus  allowed  to  evaluate  the  size  of  drops  or  thickness  of  layers.  The  minimal  sizes 
of  this  drops  and  layers  are  restricted  equal  to  a  diameter  of  apparatus  windows  (or  his  part).  The  results  of  treatment  of 
distribution  relative  size  of  fluorescent  layers  are  presented  on  drawing  4.  It  may  be  seen,  that  the  cloud  of  OP  consist  of 
a  flayers  of  fluorescent  substances,  which  are  nonuniform  in  size.  The  minimal  size  of  drops  (layers)  is  about  0.8...  1 
cm,  the  maximal  one  is  about  20  cm  according  to  experimental  data  (drawing  4).  The  concentration  of  OP  in  this 
regions  is  varied  from  0.6  to  4  mg/1  on  depth  about  30  m  (on  results  of  laboratory  graded  graph). 

2.TEORET1CAL  RESULTS 


With^  the  purpose  of  estimating  the  drop  size  according  to  its  velocity  of  coming  to  the  10  surface  it  is  possible 
to  use  the  published  experimental  data  for  the  oil  drops  in  water  .  On  base  the  approximation  of  these  data  1^ 
nonlinear  regression  there  are  received  the  empirical  formulas: 

for  w  p  <6.2  cm/s  ; 

d  p  =4.82  *  I  &y/Ys  *g  I""®"  *  v/'*  *Wp  (1) 

and  for  Wp  >6.2  cm/s  : 


dp  =0.672  *  [  Sy/y  *g  ] '•  ♦  Wp 


In  these  formulas: 

dp-  drop  diameter,  m, 
w  p  -  velocity  of  coming  to  the  surface,  m/c, 
y  s  -  specific  weight  of  sea  water,  kg/m^3, 
y  s  -  y  p  -  difference  of  oil  and  sea  water  specific  weights,  kg/m^3. 


(2) 


V  s  -  kinematic  viscosity  of  sea  water,  m''2/c. 


g  -  gravity  constant. 

With  the  help  of  these  formulas  on  the  basis  of  the  fluorimeter  signal  tape  record  showed  on  drawing  2  it  is 
possible  to  estimate  the  oil  drops  sizes  which  are  going  across  the  test  section  of  fluorimeter  in  the  constant  depth 
measurement  regime.  Take  into  consideration  the  fluorimeter  signal  amplitude  and  duration  it  is  possible  to  estimate  the 
oil  drops  number  or  the  oil  drops  concentration.  Then  on  the  basis  of  these  data  it  is  possible  to  obtain  the  drop  size 
distribution  in  the  deep  sea  oil  spill.  The  drop  size  distribution  for  40  minute  after  the  oil  spill  which  was  obtained  by 
aforesaid  method  is  shown  on  drawing  5. 

On  the  basis  of  these  data  and  with  use  the  methods  of  the  oil  spreading  description  and  the  concentration 
calculation  caused  by  oil  spill  from  the  underwater  sources  elaborated  by  it  may  be  computed  the  proposed  variation  of 
the  fluorimeter  signal  in  sounding  measurement  regime  and  carried  the  comparison  with  real  fluorimeter  signals 
obtained  in  the  sea  experiments.  The  quantity  Q  of  oil  spilled  on  some  depth  it  is  possible  to  present  as  limited  number 
oil  drops,  which  sizes  locate  in  the  range  contained  N  subranges,  that  is 


nj  dpj3  =  6/71  •  Q  /y* 


(3) 
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where  n  is  number  of  oil  drops  with  diameter  d  p  in  the  i  -subrange  or  in  the  I  -fraction.  Than  the  oil  drops 
concentration  Cn  in  some  point  of  deq)  sea  qiace  is  received  by  summing  up  the  every  portion  Cn  of  oil  drop  size  1- 
fraction; 

1  ?  (z-w,rit)^  (h-7)h 

Cn  =  -  SiN  nj  exp  [ - ]  *  {  1  -  exp  [ - 1  }  .  (4) 

87t‘  ’KiKao.5  t'^  4K,  t  4K2t  K^t 

In  this  formula; 

r,z  -  polar  coordinates  with  origin  in  the  point  of  oil  q>ill, 
t  -  time, 

K|  ,Kz  -  turbulent  difiusivity  coefiBcients  in  horizontal  and  vertical  directions, 
h  -  dqith  of  oil  spill. 

The  analysis  of  solution  (4)  carried  out  by  ^  showed  that  the  oil  drq>  accumulations  consisted  of  the  drqis 
from  every  individual  drop  size  faction  came  to  the  sea  surface  with  the  velocity  correqxmding  to  velocity  of  oil  drop 
from  ones  size  friction  and  the  sea  turbulent  difiusion  resulted  in  horizontal  and  vertical  eqiansicm  of  drop 
accumulation.^  Moreover  in  the  process  of  coming  to  the  sea  surface  as  result  of  difference  in  the  velocities  it  is  Uxdc 
place  the  vertical  separation  of  the  oil  drops  accumulations  in  accordance  with  oil  drqts  velocities.  On  this  cause  the 
initial  drop  size  separation  in  the  point  of  oil  qiill  lead  to  drq)  dqMh  separation  which  increase  in  the  course  of  time. 
These  theoretical  predictions  are  confirmed  by  the  data  of  sea  experiments.  With  use  of  the  formula  (4)  and  on  the  basis 
of  the  drop  size  distribution  in  drawing  5  it  was  computed  the  vertical  distribution  of  the  oil  drq)  concentration  for  time 
t=S000s  after  the  oil  spill,  when  the  fluorimeter  sourcing  was  carried  out  (plot  7  on  drawing  2).  It  needs  take  into 
consideration  what  in  this  moment  in  the  sea  water  it  was  estimated  only  the  oil  drq>s  nbich  were  coming  to  the  sea 
surfrice  with  velocity  that  was  less  then  1  cm/s  and  with  diameter  that  was  less  then  0.4Smm.  For  conqmtation  it  was 
selected  Kz=0. 1*K(=.0.01  m^2/s,  h=50m,  r=0  and  z  was  varied  from  0  to  45m.  W  p  for  every  D  pj  was  calculated 
according  to  formulas  (1)  and  (2)  which  were  transformed  for  this  purpose. 

The  comparison  of  the  computed  results  and  the  experimental  data  permited  to  make  the  conclusion  about  the 
sufficient  conformity  of  ones,  and  as  result  to  make  conclusion  about  the  relfrd>ility  of  the  theoretical  description  of  oil 
spreading  in  the  deep  sea  and  about  the  efficiency  of  the  e}q)erimental  method  used  for  investigation  of  this  process. 

During  the  eqieriments  it  is  not  marked  visually  outlet  of  oil  pollution  on  the  sea  surfece.  This  feet  confirm  the 
actuality  on  researching  and  working  out  of  optical  method  for  discover  and  monitoring  of  undersea  oil  poUution.  The 
experimental  dates,  which  discussed  above,  were  obtained  by  “contact”  method.  This  results  is  recommended  not  only 
for  evaluations  of  undersea  oil  qrills  structure  but  for  evaluation  conditions  of  reveals  oil  spills  by  lidar  fluorimetric 
system,  which  may  be  possible  to  describe  the  structure,  to  reveal  and  to  classify  surfece  and  urufersurfece  OP  qnlls. 
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Vatical  stiatificalion  of  the  fluorescence 
intensity  dissolved  in  the  sea  water  organic  matter 


Vladiinir  M.  Sidorenko 
Snk)  A.Pakkonen 

S.I.  Vavilov  State  Optical  Institute 
3  Pochtamtskaya  st..  St-Peterdiurg ,  190000  Russia. 


AgSTHACT 

A  model  of  formation  the  sea  water  fluorescence  intensity  of  dissidved  mganic  matter  vertical  stratificatkm  I(z)  is 
proposed.  It  allows  to  explain  the  increasing  I  with  z  dq>th  on  the  hnizons  situated  below  photic  acme.  The  influence  (rf 
difhnent  hydrophysical  characteristics  on  the  I  (z)  dqrendence  and  conqrarison  with  experimoital  data  are  ccmsideied. 

1.  INTRODUCTION 

At  the  present  time  it  is  well  known  that  sea  water  fluorescence  intensity  I  in  a  spectral  region  350-600  nm  grows 
with  depth  z  on  horizons  situated  below  photic  zone  .Fluorescence  properties  the  water  in  this  spectral  r^ion  ate 
connected  with  presence  dissolved  organic  matter  (  DOM  ).  the  sources  of  Much  are  sinking  dead  phytoplanktmi  cdls. 
Meanwhile  the  generally  accepted  point  of  view  on  cause  of  increasing  I  with  a  depth  z  is  absent  But  some  hypotheses  are 
present '.one  of  Much  explains  I  growth  with  z  by  the  biological  activity.  Experiinents  show  the  cmrdrUkm  between  I(z) 
and  ammonium  and  phoqihate  concentrations.  But  this  t^pothesis  is  not  examined  and  it  is  based  only  on  the  fiM  of  t^ 
correlation.  In  other  hypothesis  it  is  svqtposed  that  fluorescent  matter  of  the  sea  water  is  sublimated  (m  the  surfiax 
mineral  particulate  matter,  that  includes  metals  which  can  quench  fluorescence  .  Fluorescent  matter  disscdves  in  the  water 
during  sedimentation  these  particles  and  it  causes  I  growth.  But  quantitative  calculatimts  that  an  estimate  a  role  of  these 
processes  in  I(z)  growth  are  absent  and  experimental  results  (fe  not  confirm  assumptions  that  were  made.  The  third 
hypothesis  ejqilains  I  growth  with  depth  by  vertical  difiusion  of  fluorescent  compments  from  sediments.  But  this  effect  can 
be  significant  only  near  the  bottom.  Kalle  hypothesis  also  exists  It  e}q)Iain5  dissolved  flunescence  substance 
formation  by  Mayar  reaction  between  dissolved  aminoacides  and  l^drocaibons  after  its  transition  fiom  sinking  dead 
phytoplankton  cells  into  the  water.  But  results  of  calculations  show  that  reaction  velocity  is  very  slow  because  of  low 
DOM  concentration.  Moreover  maimers  of  I(z)  inteii»etation  have  qualitative  nature  and  can  not  give  quantitative 
description  of  hydrological  characten  influence  on  I(z)  .Accompaiiying  these  reasons  it  is  actual  to  give  a  new  scdutitm  of 
the  problem. 

2.  THEORETICAL  MODEL 


Our  model  is  based  on  an  assnnqition.  that  fluorescent  matter  forms  generally  in  dead  fdiytoplankton  cells.  The 
forming  of  new  fluorescent  matter  may  be  caused  by  Mayar  reaction  as  an  example.  The  velocity  of  tto  reaction  must  be 
greater  inside  cells,  than  in  surrounding  water  because  of  high  reaction  conqxment's  ctmcentratitm.  Thus  the  model 
proposed  considers  processes  of  accumulation  fluorescent  matter  inside  sinking  paitides  of  dead  phytofriankum  cells  and 
disMiving  organized  fluorescent  matter  fixnn  p*'«licles  into  surroundiiig  water. 

Let  us  determine  vertical  distribution  I  caused  by  these  reasons.  Fluorescent  intensity  I  can  be  ejqnessed  as  a  sum 
of  two  terms; 


I  (2)=I,  (Z)+4(Z)  (1) 

where;  Ip  -  fluorescent  intensity  of  particulate  matter 
L  -  fluorescent  intensity  of  DOM 
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Absorpdon  of  exating  Ugjtt  and  reabeoiption  of  flonesoeiit  emimioa  paitick  and  thdis  infinenoe  on 
flnofesoenoe  inleasily  wbeit  oonsideted  eaiiief^.  It  was  shown  that  flwxescenoe  imsnsity  Ip  may  be  comsiderabfy  hmm, 
than  Id  of  equal  fluoiesceiit  matter  conoentiatiwi.  This  efbct  was  tdcen  into  accoont  with  h^  of  Q*  factor.  It  presents  in 
condation  between  4  and  pafticulate  flumescent  matter  concemration.  Its  value  dqKods  on  abampdoi  coefficient  and 
size  of  particle.  Aqtectnun  (rf’ optical  density  for  detrital  diatom  cdl  was  measuied  by  microidiotometiic  method*.  It  shows, 
that  fimtor  value  nuty  be  cmisideiddy  less  then  one.  In  assunqjtion,  that  Ip  and  Id  are  propcHtimial  corresponding 
conocatrations,  next  expression  can  be  written: 


Ip(z)=  yQf*  Qb(2)io. 

(2) 

U(z)=YCa(z)  lo. 

(3) 

wdiere:  y  -  {noportioiiality  coeffident 

-  fluorescent  organic  matter  concentration  inside  partides 

Cu  -  ftnoreacent  DOM  concentration 
lo  -  exdting  light  intensity 

Let  us  define  the  initial  organic  matter  amount  in  the  partide  that  is  a  source  of  filming  fluorescent  matter  asqo. 
In  assunqitimi  that  fluorescent  matter  forming  process  can  be  described  by  the  first  order  kinetic  equation,  we  have: 

+  ^2)  •  %  +  ^  •  F  •  qo. 

(4) 

where:  qt,  -amount  of  fluorescent  matto’ in  the  particle 

X]  •  constant  (rf’ reaction  vdocity 

-  u/V,  vriiere:  u  •  velocity  of  decreasing  flotnescoit  matter  in  the  partide 

V  -  volume  rtf'  partide 

F  -  ratio  of  reaction  coeffidents 

Equation  for  q^,  after  integration  (4)  is: 

(5) 

Eiqnession  exp{-(Xi-*-X2  )t}  describes  a  thne  dependency  the  initial  organic  matter  concentiatum. 
Etqnession  for  particnlate  organic  matter  concentiatkm  in  a  watm  can  be  detenmned  as  C|,  (z)  =  q^^t)  N  (z),  where:  N 
(z)  -  particles  number  in  the  unit  of  water  value  on  horizon  with  z  depth.  After  transitimi  from  t  to  z  parameter  in  equation 
(5)  eipiation  fin  Cf,  can  be  writtoi: 

(6) 

We  have  fin  I  (z)  fimn  equations  (1  -  3), (6): 

m  =  y  *  •  (coW  -  Cp(2))  +  c^(z)  ■  lo.  (7) 
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Tufbttlent  difiusion  stationaiy  equations  for  Co  (z)  and  Cp  (z)  are; 


03.  J  dz 


<ICp(z)^ 
dz  j 


-  (v  +  w)  • 


dCp(z) 

dz 


-X  Cp(z)  =  0. 


(8) 

(9) 


where:  K  •  vertical  turbulent  difliision  coefficient, 
V  -  sinking  velocity  of  particles, 
w  •  vertical  component  of  stream  velocity. 

X=  Xi+X.2 


Vertical  stratification  Ch(z)  can  be  determined  from  equation  (10)  that  takes  into  account  transition  of  fluorescent 
matter  from  the  particle  into  solution  and  its  destruction; 


dz 


<ICa(2)^ 
dz  > 


-  w  • 


dCfd(z) 

dz 


^2  ■  Cfp(z)  -  Xy  •  Cf(i(z)  -  0.(10) 


where:  X)  •  param^er  inversely  proportioned  the  time  of  fluorescent  DOM  mineralizing. 

With  help  of  equations  (7>10)  numerical  values  1  (z)  can  be  received  in  spite  of  arbitrary  hydrophysical  characteristics 
distribution. 

3.  RESULTS 

As  an  example  of  using  the  new  model  let  us  consider  I  (z)  dependence  on  hydrophysical  characters,  when 
homogeneous  distribution  water  density  with  depth  z  and  w  ==  0  are  present.  We  have  made  assumption  that  general 
contribution  in  1  value  is  caused  by  Id  and  Ip  role  is  small.  This  condition  is  true  for  rather  big  particles  of  dead 
phyto(rianktotL  Equation  (8)  has  aruitytical  decision  and  gives  Co  =  Const.  Decisions  of  equatkms  (9).(10)  were  found  with 
help  of  numerical  method  .  Calculations  were  done  for  depths  0>I000  meters  with  10  m  discreteness  arxl  for  boundary 
conditions;Cp  Co  ;C^  0,  when  z  =  0  and  Cp  =  0;  dC^  tii  =0  when  z  -f  1000  .  Maximum  parameter  Xi  value  was 

chosen  10*^  c'* .  X|  =  X2  .  X  =X3  Value  of  w  was  consider^  zero.  Calculated  profiles  I  (z)  in  relative  scale  are  presented  on 
figure  2.  It  is  clear,  that  this  model  of  vertical  stratification  forming  I  (z)  with  using  reasotmble  initial  parameters  allows 
to  describe  character  and  value  intensity  of  sea  water  fluorescetKe  variation  with  depth,  that  ejqxnmentally  observed  (see 
figure  1).  Data  that  are  presented  on  figure  2.  show  more  rapid  growth  I  with  depth  on  high  horizons  than  in  deep,  when 
increases.  Opposite  influence  on  I  (z)  function  is  founded  when  v  and  K  increases. 
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Figure  1.  Experimental  distributions  I(z)  and 
some  other  characters  of  water  in  the  Black  Sea 

1  -  l(z) 

2  -  Chlorophyll  fluorescence 

intensity  ld,(z) 

3  -  temperature  T(z) 

4  -  electroconductivity  ^(z) 

5  -  density  p(z) 


Relative  units 


Figure  2.  Theoretical  distribution  l(z)  for  w  =  0 
and  for  different  values  K,  X,\. 

1.  cm V  ,  X  =10"*  c"'  ,v=10cmc''  , 

2.  K=100  cmV  ,  X  =10  ’  c"' ,  v=10  cm  c'' 

3.  K=10cmV'  ,X  =10’’  c'',  v=10  cmc'' 

4.  K=10cmV,  X  =10’’  c'*,  v=10cmc' 

5.  K=10cmV'  ,  X  =10"’  c  '  ,  v=10cmc  '  , 

6.  K=0,lcmV,  A,  =10‘’c  ',v=10cmc''  , 


4.  CONCLUSION 


The  present  results  are  somewhat  preliminary.  A  detailed  conqjarison  of  described  model  predictions  with 
e^qierimental  results  in  difierent  controlled  hydrological  conditions  u^d  be  useful.  It  is  necessary  to  notice,  that 
considered  process  of  1  (z)  forming  takes  a  pr^ominant  role  on  horizons,  that  deeps  lower  then  photic  zone  is  situated. 
Satisfactory  conformity  between  theory  and  experiment  in  photic  zone  be  obtained  only  after  ^Iditional  f»xors 
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considefation.  Some  of  these  factors  are  photochemical  degradation  of  fluorescent  matter  and  presence  of  fluorescent 
components  in  vital  phytoplankton  cells. 
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ABSTRACT 

The  problem  of  multispectial  remote  measurements  of  ocean  hydrophysical  characteristics  by  means 
of  optical  methods  is  di^ussed.  The  algorithm  and  method  of  such  measurements  are  proposed 

1.  INTRODUCTION 

The  object  ofthis  work  is  to  solve  the  problem  of  the  ocean  hydrophysical  and  ecological  parameters 
reconstruction  from  the  multispectral  optii^  sensing  data.  We  are  carrying  out  the  anab'sis  of  diat  problem  in 
several  ways: 

•  we  are  solving  the  inverse  problem  of  the  radiation  transfer  theory,  real  parameters  of  the  medium  under 
investigation  being  taken  into  account; 

•  we  are  elaborating  the  realistic  modds  of  die  sea  so  as  to  provide  a  possibility  of  both  reducing  die 
reconstruction  errors  to  a  minimum  and  regularizing  the  solution  of  die  corresponding  inverse  problem; 

•  we  are  elaborating  the  corrective  methods  for  the  remote  sensing  data  received  dirougb  a  disturbed  water 
surface,  both  the  subsurface  multispectral  optical  sensing  data  and  the  analysis  of  a  sky  radiation  being 
exploited. 


2.  MODEL  DESCRIPTION 

In  the  anal}^is  we  make  such  admissions  as; 

•  the  optical  properties  of  the  sea  water  (OPSW)  are  described  by  die  linear  model; 

•  there  is  a  variability  of  OPSW  due  to  a  finite  set  of  dashes  and  dissolved  matters  being  in  the  sea  water, 

•  the  vertical  stratification  of  OPSW  is  approximated  by  a  piece-linear  fiinction  of  depdi  (in  particular:  linear 
or  piece-constant); 

•  solving  the  problem  we  make  use  of  the  two-stream  approach  ofthe  radiation  transfer  theory; 

•  factors  distorting  the  multispectial  optical  sensing  data  (conditions  of  atmosphere  and  sea  surfice,  device 
factors,  etc.)  are  constant  eveiyvidiere  over  the  region  under  investigation  during  die  research; 

•  the  contact  sensing  of  the  sea  medium  is  made  by  registering  upward  and  downward  irradiance  streams  as 
functions  of  depth; 

•  the  spectral  fifths  in  use  is  sufiBciendy  small  (AX/2slO  nm). 

In  which  case  die  optical  pr^rameters  of  the  sea  water  can  be  written  as; 

K  K 

ae(A,z)  =  aeo(A)-l-  2aBfc(2)Ck(z) .  =  ‘ ) 

k-l  k-l 

where 
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S  (A,z) ,  o  (A,z)  aie  absorption  and  soattenng  ooefiBdenls  respce$tvety  (X  is  a  wavdengih  and  z  is  a 

dspdiX 

SB  •(A),  O' o(  A.)  are  the  same  parameten  of  the  clear  sea  water, 

Ck  (z)  is  a  concentration  of  die  k-dash, 

Ck(^),  Ok  (^)  ate  d)  die  respective  parameters,  die  concentration  oftfais  dash  being  equal 

to  unit, 

K.  is  the  overall  number  of  die  dashes  in  die  model 
Hie  model  of  die  vertical  distribution  has  die  form 

Ck(z)  =:  t^(z  -  Zj.,)  +  yu,  Z  «  [Zi.i.  Zi  j,  ^  2 ) 

i  =  l,M  +  l,  Zo  =0,  Zjn.1  <oo,  ^ere 

M+1  is  die  number  of  layen  in  die  model, 
is  die  down  bound  depth  of  the  i-l^er, 
yw  is  die  k-dash  concentration  at  z  =  Z|_i, 

is  the  k-dash  concentration  gradient  within  die  i-li^. 

3.  DERIVED  EXPRESSIONS 

For  these  admissions,  for  the  ocean  albedo  R(X.)  (widiout  r^ard  for  a  sur&ce  reflection)  we  obtain 

a)  for  tki  aO  (Vk,  Vi) 

'B,U  )  Ai‘(A  )  + 

R(A  )  -  as  ^  Z|[B,+,(A  )A;‘,(A)-B,(A  )  A;*(A  )]cxpJ-2Z(A^i(A  )(2«n-2-))]|  ^  ^  ^ 

b) fbrM  =  0 

R(A  )  =  b  / (2a)  +  ^n’/(4a)(B  -  bA  /  a)etfG(x)exp(x^)  ,  ( 3b ) 

x=Ai(>.)[a,(\)r‘'*,A  =  A,(X),B  =  Bi(X),a  =  a,(A),b  =  b,(A). 

Where 

A, (A)  =  ;<*‘[*o(A)  +  4>oao(A)  +  2[aBfc(A)  +  4»kak(A)]yfcj 

\  k-l 

(4) 

k-l 
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^  (k  =  0,  K  )  are  the  parameters  of  the  two-stream  approach  . 

It  is  assumed  dut  8eo(X),  ae^  (A.),  Oq  (K),  Oh  (X)  are  known  and  yu  iZi  are  values  will  be  found. 


4.  EXPERIMENTAL  PROCEDURE 


We  assume  L  to  be  die  total  number  of  spectral  bands  of  the  our  device.  With  the  proviso  that 
L  >  2K(M+1)+M ,  the  equations  (3)  and  (4)  are  solved  usual  methods  for  the  parameters  tu  ,  Yu  and 
Zi .  Below  we  will  be  descrit^  the  experimental  procedure  making  use  of  the  presented  expressicMis. 

At  any  point  (with  die  coordinate  r,)  on  the  r^on  under  investigation  the  parameters  c(X,z)  and 
a(X,z)  are  measured  by  the  contact  method  on  wavelengths  of  ^  (j=l,L).  In  order  for  diis  work  to  be 

done,  iqjward  (Ef  (X,z))  and  downward  (E;(X,z))  irradiance  streams  as  fimctiMis  of  depth  need  to  be 
measured. 

In  that  case 


4)a(A,z)- 


E^(A,z) 


dz _ *  az 

Ej(A,z)-Ej(A,z) 


♦ 


<iE|(A.z)  dE^(A,z) 


x(X,z)  =  f^(E^(A,z)-Ef(X,z)) 


dz _ dz 

e;(.i,z)-e;(.i,z) 


,  where 


(5) 


(Ihis  is  true  for  the  two-parameter-two-stream  qrproach 

dE^(A,z) 


When  E|(A,z)  «  E|(A,z)  and 


Et(A,z)- 


dz 


«  E|{A,z) 


dE|(A,z) 


dz 


,  then 


(|)a(A,z)£-- 


«e(A,z)S- 


dET(A,z) 

Ei(A,z) 

dz 

/I  dE|(A,z) 

Ei(A,z) 

dz 

E|(A,z)  dz 


+4»a(A,z) 


(5’) 
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The  last  adinistk>n  permits  the  veiticd  diitn1>utkm  in  denving  the  aqmssioni  (3)  to  take  into  account 

In  what  follows  we  find  file  parameters  M  (for  fiie  model)  and  y  u  i  t  u  >  z  i  (i=l,M+l,  k=l,K)  (in  fins 
point)  so  as  the  eiqiressions  (1)  and  (2)  to  be  best  qiproximation  of  the  measined  fimctiona.  At  file  same  time 
file  values  of  a  sea  suifiue  bii^tness  I^(Aj,r)  are  measured  by  file  remote  sensing  everywhere  over  file  tqjon 

with  the  resolution  as  better  as  i^sib^.  The  symbol  *  indicates  fiiat  these  values  (fistoited  by  fiKtora  not 
connected  with  the  subject  under  investigation.  The ‘nonnabzed'' downward  inadtance  stream  on  the  r^ion  is 
to  be  foundas 

i;aj)=i;a,.r.)/R(A,,r,),  «) 


where 

R(Aj  jfi)  is  albedo  at  file  point  fi  calculated  by  file  formulas  (3). 
Then 


R*(x,,r)  =  i;()^.r)/ll(Xj)  (7) 

is  file  ‘‘corrected"  albedo  at  a  some  point  r  on  the  r^on.  The  influence  of  distorting  &ctors  on  R*(Aj,r)  is 
expect  to  be  reduced. 

5.  CONCLUSION 

The  presented  procedure  enables  the  temporal  characteristics  of  fiie  vertical  and  horizontal  distribubons  of  the 
sea  water  ecolo^cal  parameters  everywhere  over  file  r^ion  under  inyesfigation  with  the  resolution  defined  by 
parameters  of  file  devices  in  use  to  reconstruct.  This  {socedure  makes  use  of  both  fiie  sea  surftoe  optical 
remote  sensing  data  measured  everywhere  over  fiie  r^on  and  fiie  vertical  (fistnhution  of  file  sea  water  optical 
properties  received  in  a  limited  number  of  points  on  that  r^ion.  Abo  fiie  signal  treatment  alpaitfam  b 
ebborated.  It  allows  fiie  addition  of  fiie  radiation  refiected  by  file  sea  sur&ce  to  exdude. 
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ABSTRACT 

Insitu  measurements  of  optical  prcqierties  made  Cram  a  sh4)  can  be  biased  by  the  ship's  shadow.  InaneCfortto 
evaluate  the  shq)  shadow  perWbatioo  created  by  the  R/V  Weatherbird  //,  ptofiks  of  downwelling  irradiance, 
upwelling  radiance,  Lu(z,X),  as  well  as  derived  apparent  (q)tical  prtqierties  (AOPs)  were  obtained  at  distances  ttf  1, 3, 6  and 
^m  off  the  ship's  stem.  Two  statistical  analyses  are  explored  here.  The  first  coinpares  the  mean  difietenoe  between 
simultaneously  obtained  fluxes  and  AOPs  sampled  at  distimoes  greater  than  20  mfir^  the  ship  to  those  taken  1  and6m 
off  the  Stan.  The  second  analysis  compares  derived  AOPs  taken  at  each  of  the  four  distances  throughout  die  length  of  the 
experiment  Only  rarely  are  significant  differences  found  for  data  beyond  three  meters  off  die  ship's  stem;  however  at  1  m 
off  the  stem  significant  discrepancies  are  inteimittendy  observed.  This  work  illustrates  that  the  inherent  sources  of  ncnse 
in  determining  fluxes  and  AOPs  in  the  upper  ocean  are  generally  greater  than  the  effects  incurred  by  the  ship's  own  shadow 
under  optimal  conditions. 


D/TRODUCnON 


Accurate  measurements  of  apparent  optical  properties  (AOPs)  ate  required  in  order  to  devek^  a  detailed  understanding  of 
processes  regulating  bio-rqitical  prrqierty  distributions  and  their  relationship  to  remotely  sensed  signals.  Instrumentation 
designed  to  measure  properties  of  the  underwater  radiation  field  deployed  at  reladvely  close  distances  to  a  ship  may 
encounter  perturbations  caused  by  the  ship's  shadow  (e.gn  Poole,  1936;  Striddand,  1958;  Gordon  1985;  Voss  eL  al> 
1986;  Waters  staL,  1990;  Helliwell  eial.  1990).  This  source  of  error  is  of  obvious  inqxxtance  and  must  be  accuratdy 
assessed.  Poole  (1936)  estimated  that  the  ship  shadow  error  under  diffuse  skylight  is  about  10%  at  5  m  depth  when  the 
radiometer  is  deployed  -2  m  off  the  stem  and  it  decreases  widi  depth.  The  Monte-Carlo  simulatioas  by  Gordon  (1985) 
indicate  that  the  error  in  downwelling  irradiance  rarely  exceeds  2%  as  long  as  sides  are  clear  and  the  sun  is  within  45 
degrees  of  the  stem.  However  at  low  solar  elevations,  these  errcns  can  increase  to  about  10%.  Gordon  (1985)  also  shows 
that  the  errms  are  reduced  as  the  instrument  is  moved  horizontally  away  fimn  the  ship  although  errors  during  diffuse  light 
condititms  may  renuun  as  tugh  as  30%.  Voss  fit  aL  (1986)  conducted  an  e;q)eriment  with  an  extendible  sea-going  crane 
which  showed  that  values  of  upwelling  radiance,  Lu(z,X),  decrease  by  10  to  20%  unless  the  instrument  is  deployed  mote 
than  5  m  fimn  the  ship. 


Ship  shadow  perturbations  ate  likely  to  be  the  greatest  near  the  sea  surface.  This  is  critical  for  the  develofanent  of  ocean 
color  algorithms  as  the  maximum  accuracy  most  be  insured  for  parameters,  such  as  the  remote  sensing  reflectance,  Rn(X). 
Several  studies  have  attempted  to  avoid  the  ship's  shadow  caiq)letBly  by  floating  tqitical  instrumentation  a  oonridetabte 
distance  from  ship  (Gordon  and  C3atk.  1980;  Clarir,  1981;  Waters  i^al->  1990).  However,  these  deployment  strategies  are 
difficult  to  conduct  qieratkMially,  particularly  in  rough  seas,  and  i^ace  severe  limits  on  the  amount  of  data  that  can  be 
collected,  its  linking  to  other  oceanogrtqdiic  observations,  and  the  time-scales  resolved  (e.g.,  Didtey  and  Siegel  1993). 


In  order  to  ccmipletely  avoid  the  ship's  shadow  when  making  measurements  of  downwelling  iriadianoe,  Ed(z>X),  the 
SeaWiFS  Ocean  Optics  Protocols  (Mueller  and  Austin  1992)  suggest  that  the  deployment  of  optical  instrumentation 
should  be  at  a  distance,  ^  in  order  to  avoid  the  sh^'s  riiadow.  Mueller  and  Austin  (1992)  define  Cd  using 
sin(48.4“) 


(la) 


where  K<](X)  is  the  diffuse  attenuation  coefficient  for  downwelling  irradiance.  T3rpical  values  for  Kd(X)  oXi  Bennuda  range 
from  0.02  to  0.08  m'i  (Siegel  et  al.,  1994)  which  result  in  recoounended  deployment  distances  of  9  to  40  metos  from 
ship's  stem.  Similarly,  recommendations  for  deployment  distances  for  Eu(z,X)  and  Lu(z,X)  (Cu  and  Cl,  respectively)  are 
given  by  Moeller  and  Austin  (1992)  as 


Cu 


3 

“  K„(X) 


(lb) 
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^  Kl(X) 

wbereKu(X)  and  KL(X)afe  the  diffuse  attenualioaGoefficieiits  for  upwdledinadianoe  and  fadiaiioe,req)ectivdy.  Valnesof 
Ky(X.)  and  Kl(X)  are  rougbly  equal  to  values  of  Kd(^).  Typical  values  of  and  are  greater  than  30  m.  whidi  is  nearly 
ibe  length  of  the  ship  used  in  this  study  (the  Jt/V  Weatherbird  II;  length  35.0S  m).  The  distances  recommended  by  these 
relations  are  based  only  on  geometric  relations  and  are  independent  of  shq>  size,  sky  and  sea  conditioii,  deployment  method 
and  orientation  of  the  ship  with  tespect  to  the  solar  beam. 

Here,  we  examine  the  effects  of  ship  shadows  upon  data  collected  from  the  R/V  Weatherinrd  II  (length  3S.0S  m.  beam 
8.53  m,  draft  2.60  m).  The  R/V  Weatherbird  II  is  used  by  die  Bermuda  Bio-Optics  Project  (BB(X*)  to  make  routine 
qiectrotadkHneter  casts  in  conjunction  with  the  Joint  CSk^  Ocean  Flux  Study  (JGOFS)  Bermuda  Atlantic  Time-seties 
Study  (BATS).  SpectraradkMneter  profiles  were  made  using  the  BBOPpadcage  with  an  extendible  boom  which  allowed 
profiles  to  be  made  from  up  to  6  m  off  the  stem  of  the  R/V  Weatherbird  II.  These  d^  are  compared  widi  data  collected 
u^g  the  (^cal  free-falling  instrument  (OFFI;  Waters  si  aL.  1990).  The  OFFI  data  provide  a  "contred"  from  triiich  we 
can  seardi  statistically  for  the  effects  of  the  shqi's  shadow.  The  rneasurements  used  were  made  under  (qitimal  conditioos 
(i.e.,  clear  skies,  ship  oriented  with  stem  to  sun.  near-constant  illumination,  etc.)  and  hence,  provide  the  basis  for 
evaluating  the  role  of  the  ship  shadows  in  developing  ocean  color  remote  sensing  algorithms  using  the  BBOP  data  set 

DATA  AND  METHODS 

The  present  observations  were  made  from  the  JlA^Wenrherbirdff  off  Bermuda  on  July  7.9  and  10, 1992.  Two 
underwater  qiectroradiometers.  die  BBOP  and  OFFI,  trere  lowered  simultaneously  from  die  JZ/V  WearAerbin/ 17  to  about 
50  m  (fig.  1).  The  BBOP  padcage  consisted  of  a  MER-^)40  underwater  spectroradiometer.  (Bioqiherical  Instruments,  San 
Diego,  CA)  interfaced  with  a  SeaTeefa  transmissometer,  chloropbyll  fluorometer  and  SeaBird  conductivity,  temperature  atKl 
pressure  sensors  (Siegel  ^aL.  1994a).  The  OFFI  is  a  modification  of  a  MER-2020  underwater  unit  with  a  case  outfitted 
with  buoyant  fins  to  give  stability  and  control  in  its  descent  rate  (Waters  fit  aL,  1990).  The  BBOP  was  lowered  at  three 
distances  off  the  stem  (1, 3  and  6  m)  using  an  extended  boom.  The  OFFI  was  "fished  out*  to  at  least  20  m  from  the  ship 
before  descent  Profiles  were  made  simultaneously  so  that  instantaneous  fluxes  Grom  the  two  instruments  could  be 
OHnpaied.  Both  instruments  were  deployed  with  ^  sim  off  the  stem  so  that  the  shqi's  shadow  trailedaway  and  behind, 
whi^  is  part  of  the  normal  BBOP  sanqiling  procedure.  Both  instruments  sam|4ed  downweOing  itiadiance,  E^zA).  and 
upwelling  radiaooe  Lu(zA).  in  qiectial  wavdnnds  coitered  at  410, 441, 488, 520  and  565  nm. 


Hgure  1:  Diagram  of  the  BBOP  ship  shadow  evaluation  experimental  design. 


Radiometric  calibrations  were  performed  on  both  instruments  two  wedcs  prior  to  the  cruise  and  two  months  after  using 
calibration  facilities  at  the  University  of  California  at  Santa  Barbara.  The  same  calibration  lamp  (UCSB  lamp  F-303)  was 
used  for  both  calibrations.  The  calibcatioa  coefficients  for  the  BBOP  instrument  varied  by  less  than  0J%fi3r  itiadiance 
and  less  than  3%  for  radiance  between  both  calibration  dates.  TbeOFFIcalibrationoodficientsdifferedby  1  to4%for 
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both  die  faiadiaiioe  and  radiance  ctaaniieb.  CalibiatioD  coefficients  firm  tfaepre-auisedetBmiinatiooswefensedfiirtbB 
present  analysis. 

Tbe  two  individual  Uo-opiical  data  sets  were  processed  using  ibe  B  BOP  data  processing  system  (Sorensen  ^  gU  1994, 
tbis  volume).  Tbe  BBOP  data  processing  system  is  used  to  eliminate  radiation  values  below  a  q|)ecifiedthresbold.  identify 
time  segments  where  cloud  perturbations  were  minimal,  smooth  and  despike  specified  channels  of  data  (altboogfa  not 

or  Lu(zA)).  and  bin  tbe  data  into  1  m  vertical  dqxb  bins.  Detiv^  qtpaient  optical  properties  (AOPs),  sucb  as  die 
leooote  sensed  reflectance,  Rn(zA).  and  the  diffuse  attenuation  coefficient  for  downweUing  nratBanoe,  KaCzJiX  are  also 
calculated,  bn  addition,  the  downwellinginadiance  and  upwelling  radiance  spectra  just  beneath  the  sea  surface,  EjCO'jl)  and 
Lu(0~A),  are  determined  by  fitting  profile  data  from  die  unier  20  m  to  tbe  Beer-Lambert  relation.  Sorensen  a  aL.  (1994, 
this  volume)  gives  a  complete  description  of  BBCX*  data  processing  system  and  data  handling  procedures  used  by  BBCV. 

ANALYSIS  AND  RESULTS 

Two  distinct  statistical  analyses  are  performed  to  evaluate  the  effects  of  the  ffA^TPeaffterbrnf/Tf  shadow.  Tbefitst 
analysis  onnpaies  the  statistical  differences  between  simultaneously  sampled  BBCX*  and  OFFI  data  as  tbe  BBOP 
tadiometer  is  deployed  at  various  distances  off  die  ship’s  stem.  Here,  Terences  between  the  two  data  sets  are  interpreted 
to  indicate  the  effects  of  the  ship  shadow  after  accounting  for  a  constant  calibration  error  and  the  occurrence  of  landm 
errors  (Le.,  noise).  This  analysis  will  be  referred  to  as  tbe  simultaneous  cmnparison.  Tbe  second  analysis  coirqiares  mean 
values  of  derived  AOPs  at  each  of  the  four  distances  (1, 3, 6  and  >  20  m)  throu^out  tbe  experiment  arid  is  refietred  to  as 
the  multi-distance  ccmiparison.  Tbe  object  of  this  oxtqiarison  is  to  address  whether  any  significant  differences  can  be 
found  among  the  determinations  of  rgiparent  optical  properties. 

SUmdtaneous  Comparison. 

The  simultaneous  comparison  evaluates  the  statistical  difference  between  fluxes  and  AOPs  measured  by  the  BBCX* 
profiler  obtained  at  two  distances  off  tbe  sh^'s  stem  and  identical  parameters  determined  using  tbe  OFFI  profiler.  The 
BBOP  casts  with  (  a  i  m  are  referred  to  as  tbe  CLOSE  casts  and  tbe  BBOP  casts  with  (  »  6  m  are  denoted  as  FAR.  A 
total  of  1 S  paired  OFFI-BBOP  casts  (7  FAR  and  8  CLOSE  casts)  are  used  in  this  analysis.  Data  firom  the  two 
instruments  are  estimated  to  be  collected  "simultaneously"  to  witiiin  5  seconds.  Tbe  statistical  difference  between  ORFI 
and  BBOP  measurements  ofdownwellingirradianoe,upwelling  radiance,  and  derived  AOPs  are  conqared.  Apositive 
difference  means  that  the  BBOP  measurements  underratimme  tile  (Xn  values  which  may  indkate  a  sb^  shadow. 
Throughout,  tbe  error  bars  shown  correqiond  to  90%  confidence  intervals  for  tbe  mean  estimates. 


SIMULTANEOUS  COMPANISON  OF  B)_441 


SNMULTANEOUS  COMPANION  OF  UJ_4A1 
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Hgure  2:  Mean  differences  (with  90%  ci.)  of  simultaneous  determinations  of  a)  downweUing  inadiance  at  441  run  and  b) 
upweUing  radiance  at  441  nm  between  OFFI  casts  and  CLOSE  Co';  1  m  off  stem)  and  FAR  Ox';  6  m  off  stem)  casts. 
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For  the  detenninadoo  of  downweUing  inadianoe  at  441  mn,  tbeie  are  no  statistically  significant  difTetenoes  (at  the  90% 
confidence  level)  between  the  OFFI  casts  and  either  the  CLOSE  or  the  FAR  casts  (fig.  2a).  However,  the  CLOSE  mean 
difTetenoes  are  consistently  positive  suggesting  that  the  CIX>SE  casts  may  be  affected  by  the  ship's  shadow  aittmngh  not 
in  a  statistically  significant  manner.  The  CLOSE-OFFI  difibieDoe  increases  as  the  sea  surface  is  tqiproached  which  also 
suggests  the  signature  of  a  ship  shadow.  The  vertical  profile  of  the  FAR-OFFI  difierenoes  does  not  give  any  indjcariwi  of 
a  ship  shadow  influence.  The  other  matching  Vs  (410. 488. 520  and  S6S  nm)  for  Ed(zjl)  show  wmiiar  resutas  (not 
shown).  Ihe  difference  between  the  CLOSE  and  (XTIupweHediatfiance  data  at  441  nm.Lo(z.441).  are  significantly 
different  from  zero  and  show  a  "ship  shadow  pattern"  with  dqMh  as  the  difference  increases  significantly  towards  the 
sea  surface  (fig.  2b).  This  difference  is  particulariy  apparent  over  the  top  20  mas  these  differences  decrease  with  depth. 
The  FAR-OFFI  mean  difference  for  Lu(z.441)  shows  no  statistically  significant  pattern  with  depth.  This  reduction  in  ship 
shadow  effects  with  distance  from  the  ship  is  consistent  whh  previous  studies. 

bi  terms  of  the  derived  AOPs  (K<](z.V)  and  Rn(z.V)).  tirere  are  no  significant  differences  fouixi  between  either  the 
CLOSE  or  FAR  BBOP  casts  and  the  OFFI  data  (figs.  3).  In  particular,  there  are  no  consistent  variations  in  these 
differences  with  depth  that  may  be  simply  attributed  to  a  ship  shadow.  This  is  true  even  for  the  mean  ^(zA)  differences 
(fig.  3b)  where  the  OFFI-CLOSE  Lu(z^)  observations  showed  some  deviations  attributed  to  the  shot's  shadow.  This  lack 
of  a  signature  in  Rn(z.X.)  may  be  due  to  the  fact  that  both  the  OFFI-CLOSE  Lu(zA)  uiuf  Ed(zA)  determinations  are 
affected  by  the  ship  shadow.  The  decrease  in  both  of  the  signals  ratio  to  derive  Rn(zA)  may  actually  cancel  the  effects  of 
the  ship  shadow. 


Figure  3:  Mean  differences  (witii  90%  c i.)  of  fimultaneous  detetminatioiis  of  a)  the  (fiffuse  attenuation  coefficient  for 
downweUing  irradiance.  K(|(z.441).  and  b)  the  remotely  sensed  reflecmnce.  R(,(z,441).  between  OFFI  casts  and  CLOSE 
Co';  1  m  off  stem)  and  FAR  Cx’;  6  m  off  stem)  casts. 


Ihe  accurate  determination  of  the  qiwelling  and  downweUing  Ught  streams  just  beneath  the  sea  surface  is  critical  far  the 
development  of  algorithms  for  estimating  bio-o|Mical  properties  firm  space-borne  sensors.  The  differeoces  between  the 
OFFI  and  BBOP  estimates  of  Ed(0'A)  and  La(0’.X)  for  both  the  CLOSE  and  FAR  distances  off  the  stem  are  shown  in 
figured.  The  mean  Ed(0'A)  differences  show  no  significant  (fifferences  firm  zero  or  between  the  two  deployment 
distances  (fig.  4a).  However,  significant  differeaces  are  fotmd  for  the  mean  Lu(0’A)  differences  for  aU  wavelengdis  except 
for  SfiSnm.  Significant  differences  are  also  found  for  some  of  the  wavelengths  in  the  FAR-(Mn  rUfference  althou^  it  is 
unclear  how  large  of  a  calibration  difference  remains  between  the  two  in-tmimwiu  in  particular,  the  size  of  the  disparity 
in  tile  mean  differences  between  the  two  BBOP  deiUoyment  distances  incteases  as  Vis  decreased.  These  spectral 
observations  are  consistent  with  numerical  results  wl^  indicate  that  the  ship  shadow  effects  scale  as  c(V)  where  o(V)  is 
the  beam  atteouation  coeffideat  and  C  is  the  distfflce  firm  the  ship  (Gordon,  1985).  The  valneofc(V)at565nmisUkely 
to  be  larger  than  its  value  at  441  nm.  Further,  these  results  show  that  die  influence  tff  the  ship's  shadow  is  more  critical 
for  the  upwdling  Ught  stream  rather  than  downweUing  Ught  as  is  expected  (cf..  MoeUa  sod  Austin,  1992). 
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OFFI  casts  and  CLOSE  Co';  1  m  off  stem)  and  FAR  Cx';  6  m  off  stem)  casts. 
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Hgnie  5:  Mean  (whh  90%  cJ.)deienninad(ins  of  a)  the  diflhse  attenuation  coefficient  for  dowawdanginidiance, 
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Mutti-DisumceComparixm 

Tbe  aeoood  Milytto  oonipms  mem  viloet  of  derived  ifftROt  opdcd  prapoite  (A<M)  eidi  of  the  foor  dbttDon  (1« 
3,6aiid>2(te)it«iiiilioiitiiieexperiiiieoL  M  tvaOabtectttt  are  osedfior  this  analysis  and  die  deteaniiHiiatt  of  AOPi 
aredastiiledbyilieirtttstnoefimtfaesiemaftlieil^WeatikrMit/ff.  IXsttnoetof  1,3,6  nl  >20  maBued  ben. 
TInvninioBetattedaitannirnnMioecoeffldentendicmoienMednflecanoeetddInmiriaidqidieeddqJoynent 
diaanoeeniliowninfigiaetS.  (>alyiirely  are  there  itatitricanyiigpillc«ndiffereDcnqje..noo-<wtrin>pii^cnarbni) 
fbr  the  fiwrdqdoyiiientdislaaoescaltiioagb  trends  with  tSsttooe  are  qvereoL  Similar  resabs  are  fimnd  with  the  other 
amvdeaglhs  aanipied  (ore  shown) 

Spectral  thfEerenoes  in  the  lemoiB  sensed  reflectanoe  just  beneath  the  sea  smfree.  CM  be  naed  10  snonin  the 

qpecoalstinctnre  of  the  alyl's  shadow  (fig.  6).  Again,  no  significant  tfifliewDccs  are  bound  tor  aiqr  of  the  wnvdengths. 
This  again  soggests  that  the  eltoca  of  the  sh^  shadow  on  the  npweOed  light  field  may  be  eflbcdi^ 'canceled  ont”  when 
ixxmalized  by  the  downwdling  ioaifianoe. 


NSAn-mn  OQIWMWON  or  BOMKiATB  Nn  «  ssA  aunmca 


Figure  6:  Spectral  stmctnre  of  the  remote  sensed  reflectance  joat  beneath  the  sea  smtooe,  Rn(0‘,X),  evainaied  at  4  afferent 
dqdoyment  distances  (1, 3, 6  and  >  20  m). 


DBCUSSKMAND  CONOJUStOm 

In  order  to  correctly  inteqiet  the  present  results,  one  most  reoogniae  that  the  observed  mean  dUGerenoes  are  a  oomposhe 
of  one  or  nwre  signals;  the  actnals^  shadow  perturtatioo,  a  constant  calibeationdllBBtence  between  the  OiW  and  BBOP 
and  random  enon  doe  to  the  poor  aanqiliag  of  short  tfane-^cale  noise  Qx.,  wave  glint,  smaD  doods,  al^p  roll,  etc.). 

Much  of  the  noise  can  be  lednoed  by  avenging  over  many  individoal  casts;  however,  the  sample  siae  tor  die  shmdinieoos 
oanqMuison  is  relatively  smaDCMB?  or  so).  Diftorenoes  between  the  pro- and  post-creise  calibrations  indicaiB  that  only 
small  dUbrenoes  in  caObcations  occur.  Tlaa,  the  mean  (flflbteace  observed  is  pthnarily  composed  of  the  ^shadow 
pertmbation  as  modolated  by  an  incorryletely  sampled  ridom  noise  Add.  It  is  this  etaddation  of  the  d4>  shadow 
perturbation  above  this  random  noise  dement  which  is  the  present  goaL 

The  resnlts  of  the  sfanultancioosconuTison  shows  that  there  are  no  significant  dlfftrences  between  the  comparison  of 
(XTIEdCtJOvalnes  and  either  FAR  or  CLOSE  hraiBanoedeterminatloos  (fig.  2i0.  This  is  consistent  with  the  hraiBance 
direct  beam  "cone”  remaining  off  the  stem  (tee  also  Gordon  198S  and  Voss  fit  gl.,  1986).  However,  the  deterrninatlon  of 
apwdkd  tatfianoe  shows  the  effects  of  the  sh4>  shadow  dearly  tor  the  CLOSE  comparison,  bat  not  tor  the  FAR  (fig.  2b). 
A  strorigdiffBteooe  is  also  observed  between  the  CLOSE  and  FAR  mean  (fifidenoes  of  La^A)(fig.4bX  AtaB 
wavelengths  CLOSE  mean  tfiffaences  were  onnsisimtiy  larger  than  tooaecalcalated  from  FAR  data,  with  the  OFFIvaine 
being  predictaMy  and  significtaitly  greater  than  its  simaltaneootBBOP  measurement  Iheae  results  drew  deariy  that 
BBOPdrearrmst  be  tahen  more  than  Im  off  the  stem  of  toe  iyVWiMrterhtrrfiJ.bat  not  beyond  6  m.  in  order  to  avoid 
the  shot's  shadow  pertntbatian. 
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Tbe  results  of  tbe  nuilti-distanoe  ooaqnrison  provides  additional  infonnatkn  for  fine  tuning  of  tbe  distanoe  criteria  for 
^  P/VWeatherbini  n.  Tbe  derived  AOP  profiles  showed  little  variability  among  die  four  difEerentdqtloyment  distances. 
Ibe  muld-distanoe  oonqnrisons  supports  tte  notion  that  the  effects  of  tbe  ship's  shadow  may  be  effectively  masked  by  the 
fandom  enors  associated  with  the  many  sources  of  geophysical  and  sanqiling  noise.  Voss  fit  aL>  (1986)  found  very  little 
differences  (less  than  6%)  in  values  ot  Kd(zA)  and  Rfa(zA)  taken  at  0  and  9  m  from  tbe  sh^  (0-3%  and  1  -6%  reflectively 
in  the  upper  20  m).  Moreover  below  twenty  meters,  they  find  that  tbe  effects  (tf  tbe  sh^  slmdow  have  altogedier 
disappoi^  as  is  shown  here. 

hi  oonduskm,  little  variability  in  downwelling  inadianoe  is  observed  for  any  of  tbe  deployment  distances  oB  the  RA^ 
Weatherbirdn.  However,  significant  variatkms  are  found  for  upwelling  radial  widi  d^loyment  distances  less  thm  3  m. 
Our  findings  suggest  that  die  shqi's  shadow  exerts  its  greatest  i^uenoe  in  the  upper  twenty  meters  with  the  hugest 
perturbation  at  tbe  sea  surface.  Measurements  of  optical  prtfierties  from  dtcR/VWeaUierinrdlldanag  dear  skies  with 
the  stern  pointed  into  tbe  sun  can  be  made  as  long  as  die  deployment  distance  off  tbe  stern  is  3  m  or  greater.  It  is  stressed 
that  this  analysis  bolds  only  under  dear  sky  oonditkns  and  for  dqiloyments  made  off  tbe  stem  of  the  RAf  Weatherbird  II. 
The  effects  of  variable  sea  state,  sun  glint,  diffuse  sky  have  not  been  evaluated  and  additional  experiments  are  necessary. 
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ABSTRACT 

The  results  to  be  presented  ate  leialed  to  a  series  of  investigations  carried  out  at  the  Dqurtment  of  Hydroc^tics  of  SOI 
during  a  number  of  years  with  the  aim  of  development,  design  and  practical  employment  of  optical  instruments  for  measuring 
die  statistical  characteristics  of  turbulent  inhomogeneities  in  the  sea  water.  The  values  of  magnitude  and  characteristic  scales 
of  refractive  index  fluctuations  caused  hy  turbulent  convection  in  the  sea  water  with  temperature  and  salinity  stratification,  as 
well  as  the  presence  of  suspended  hydrosol  particles,  stipulate  the  choice  of  devices  based  on  photo^lectrical  registration  of 
small-angle  scattering  of  light  beam  propagating  throi^  the  v<dume  of  aiudyxed  medium.  Tte  developed  modifkatioos  of 
phase-contrast  methods  (shadow  meAods)  make  it  possible  to  detect  the  variations  of  light  beam  angle-of-arrival  at  the  level 
of  0.03*  -  O.OS*:  the  instrument  nuiy  be  mounted  on  remotely  controlled  underwater  carrier  towed  research  vessel  with  the 
velocity  4-12  knots  at  the  desired  depth  in  die  range  from  0  to  300  m.  The  interpretation  of  registered  signals  from 
photo-electrical  ou^iut  of  the  critical  instrument  is  based  on  the  connection  between  the  signal  correlation  fiinctioo  or  qpectnim 
and  the  energetic  spectrum  of  refractive  index  fluctuations.  The  corresponded  relations  are  obtained  with  the  help  of  the  theory 
of  light  propagation  in  random  media,  namely,  the  closed  equations  for  light  field  sU'istical  moments  in  parabolic 
approximatimi.  The  results  of  dieoretical  analysis  allows  the  optimizatioo  of  optical  scheme  to  meet  the  requirements  of  linearity 
of  the  signal  relation  to  the  analyzed  fluctuations  magnitude,  high  spatial  rc^ution  and  low  sensitivity  dueshold,  as  well  as 
sufficient  resistance  to  vibrations  and  changes  in  pressure  and  temperature.  A  measurement  of  optical  fluctuations  spectrum  in 
turbulent  flow  behind  a  heated  grating  in  hydrodyrumic  tube  are  shown  to  demonstrate  the  desigiied  instrumoits  abilities.  Some 
results  of  in-situ  experiments  made  in  calm  waters  and  in  turbulized  layer  near  tbermocline  are  presented. 

2.  INTRODUCTION 

Various  types  of  mechanical  modau  of  ocean  waters  in  most  cases  are  of  turbulent  character.  While  the  turbulence  in  the 
ocean  has  a  multi-scale  structure,  die  principle  role  in  energy  tranqwrt  along  the  qiectrum  belongs  to  external  scale  of  intensive 
ermgy  influx,  and  internal  scale,  corresponding  to  energy  dissipation.  The  main  sources  of  turbulent  energy  supply  are  interrud 
and  surfrKe  ocean  waves,  and  therefore  measurements  in  the  spectral  region  of  external  scale  are  performed  with  standard 
oceanogrqihic  methods  (see,  e.g. ,  *).  For  dissipation  scale  range,  optical  methods  seem  to  be  the  most  reliable  and  metrologicaly 
secured^. 

From  optics’  point  of  view  ,  the  sea  water  may  be  characterized  by  the  field  of  dielectric  permittivity,  e,  in  the  form 

G(r,  t)  =  Sp  +  E^r,  r)  +  ep(r,  t)  ( •) 

Gofrt  0  =  Z  "  «?<»■♦  01  T/r  -  r/r),  t) , 

I 
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where  Eg  is  tfie  dielectric  permittivity  of  ui^rturbed  media,  fiinctioD  continuous  both  in  spatial  coordinates,  r,  and  time, 
/,  describes  the  "refractive  turbulence",  while  corresponds  to  suspended  particles  in  the  water.  In  the  series  iny  is  die 
radius-vector  and  Zj  is  the  dielectric  permittivity  of  j-di  particle;  Vj  characterizes  the  effect  of  form,  ori«itation  and  internal 
structure  of  the  particle. 

In  the  frames  of  the  model  used  throughout  the  paper,  function  e  is  assumed  to  be  real-valued,  and  equal  to  die  medium 
refractive  index  squared. 

The  random  field  8(r,  t)  is  characterized  by  a  set  of  statistical  moments  obtained  by  an  averaging  over  an  ensemble  of 
realizations  of  die  random  medium  we  denote  die  averaging  by  angled  parentheses,  < .  > .  If  die  turbulent  fluctuations  e  j. 
and  suspmided  particles  distribudcm  are  statistically  indepmident,  and  die  both  conqionents  of  the  field  e(r,  t)  may  be  considered 
as  homogeneous  and  stationary  in  a  given  spatialVtenqmral  region,  die  mean  value,  <e(r,  t)> ,  shall  be  included  in  Eg  [see 
(1)]  and  thus  one  can  assume 


0>  =  0.  <E(r,  f)>  =  Eg  +  <Ep(r,  r)>. 

Taking  into  account  that  the  volume  of  suspended  particles  is  relatively  small,  and  the  turbulmit  fluctuations  are  weak 
corrqiared  widi  c^tical  contrast  of  the  particles,  for  the  second  moment  of  the  fluctuaticms  e'(r,  t)  =  e(r,  t)  -  <e>  the  following 
expression  may  shown  to  be  accurate  enough 

-  *2)  -  0  e'(r2,  /)>  =  it7(r,  -  Tj)  +  Bp(r,  -  rj),  (2) 

where  is  the  (spatial)  correlation  function  of  turbulent  componoit, 

Bj(rt  -  fj)  =  <B7(r,,  0  E^fj,  r)>,  (3) 

and  Bq  is  the  analogous  indqpendmit  characteristic  of  discrete  scatterers  contribution.  In  just  the  same  way,  the  3-D  Fourier 
transform  of  the  correlation  function  (2)  is  die  sum 

of  refractive  turbuleiKe  energy  spectrum  ^ 


and  the  term  Op  corresponds  to  suspmded  particles.  It  is  well  known  that  continuous  component  of  dielectric  permittivity  of 
ocean  water  is  determined  by  its  teniiperature  and  salinity  The  quantities  nuiy  be  reguxied  as  passive  admixtures  iifren 
small-scale  variations  are  considered  and  die  effect  of  Archimedian  forces  is  negligible;  it  is  correct'*  for  turbulent  scales 

/  =  —  <  10*  ->■  10^  m  to  be  discussed  here.  With  die  use  of  water  medium  state  equation  and  Lorentz-L(»enz  formula  some 
r\ 

u 

estimates  may  be  obtained  for  internal  scale.  Ip  and  variation,  or  MSV,  07-=  A^(0),  of  random  field  E^fr,  t)  in  (1).  For  typical 
ocean  conditions 


Ij-  10’*  +  10'*m; 


Oj.-10’  +  10'*. 


For  hydrosol  particles  concentration,  n,  characteristic  size. 


d and  Op  =  Bp(0)  one  has 


(5) 
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n  -  lO’^  +  10 V*  ;  d  -  10"*  +  10^  nm  ;  -  10"*  +  2. 10 ' 


(6) 


The  values  demonstrate  the  severe  restrictioiis  to  be  met  by  optical  methods  for  refractive  turbulence  diagnostics  in  the 
spectral  region  correqxMsding  to  internal  scale.  It  is  obvious  dut  the  inteiacdon  of  a  visible  light  beam  with  the  turbulent 
inhomogeneities  in  questkm  results  in  small-angle  light  scattming,  the  characteristic  angles  being  measured  by  the  ratio  of  light 
wavelengdi,  X,  to  the  scale,  Ijt 


XJLj.  -  10'*  + 10'*  radian . 

3.  GENERAL  THEORY 

According  to  what  has  been  said  in  previous  Section,  it  seems  reasonable  to  consider,  for  feasible  optical-turbulence-meters, 
die  class  of  instruments  with  photo-electrical  registration  analyzing  the  light  field  passing  through  investigated  layer  of  the 
medium  (see,  e.g.,  The  general  layout  of  the  devices  being  under  consideration  is  given  in  the  Figure  1.  A  partially 
coherent  nxmoc^omatic  beam  from  die  light  source  1  travels  the  layer  of  the  under  investigation  of  diickness  L 

between  planes  2  and  3  and  is  incident  upon  the  iiqiut  to  die  optical  system  4.  When  die  li^t  beam  is  transformed  by  the 
system,  it  fells  on  die  photocell  6  through  its  iqierture  situated  in  die  plane  S.  The  class  of  examined  systems  includes  the  optical 
arrangements  for  which  the  relation  of  die  optical  field  ii(8e,  r),  se  =  tty)  at  the  exit  plane  S  to  the  field  ii(p,  r),  p  {x,  y} 
at  die  entrance  plane  3  for  any  moment  of  fee  time  r  has  fee  form 

«(aB,  r)  =  |a(p,  se)  «(p,  r)  tPp  , 

where  A(p,  se)  is  the  transmission  funcdon  of  fee  system.  Ihus,  we  are  not  examining  systems,  fee  transmission  function  of 
which  are  time-dqiendeot  (modulation),  or  systems  wife  reference  beams  (interferometric). 

It  is  assumed  that  the  instrument  moves  relatively  to  die  medium  wife  controlled  velocity  v,  directed  perpendicularly  to 
die  light  beam  axis  inside  the  amdyzed  vohime.  The  velocity  is  high  enou;^  to  secure  the  "frozen  inhomogeneities*  hypothesis 
to  be  valid,  diat  is 

<E'(fi,  r  +  t)  e'(r2,  r)>  =  <E'(r,  -  vr,  r)  e^rj,  0> 


Figure  1.  General  layout  of  considered  instruments.  1  -  light  source;  2,3  -  windows;  4  -  optical  system;  5  -  diaphragm;  6  - 
photodetector. 
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By  virtue  of  Eq.  (7),  the  'instant''  signal  value,  or  die  total  iidaisity  of  the  li^t  incident  on  die  photodetector  at  die  moment 
of  time  t  is  defined  by  the  expression 

/{/)  =  Pi)  «(P„  0  u(Pi, 

where 


^Pi*  Pi)  =  J  ^*)  ^(Pi»  *)  ^*(Pi»  *)  • 


(10) 


S(ae)  is  die  intoisity  transmission  function  of  the  {dwtodetector  aperture;  the  asterisk  denotes  die  conqdex  conjugation,  vdiile 
die  horiztmtal  bar  denotes  a  time  average  performed  by  die  photocell.  The  registered  quantities  are  the  signal  mean  value 

<I(t)>  =  fJ«(Pi.  Pi)r2(f.|pi,  n  Pi,  t)<Pp,d^pi,  ^^^) 

and  correlation  function  of  signal  fluctuations 

Hh  -  W  -  </(‘2)>>  =  M  i«(Pi.  Pi)  ^Pi.  Pa)  • 

■  P'4(f‘|  Pjf  ^i»  P|»  tj;  P4,  tj)  —  r2C^I  Pjt  ^i>  P2»  *1)  Pi'  ^2'  P4'  ^2))  ^Pl  Pi  *1^P|  *1  P4  » 


or  qiectrum 


InEq.  (11)  and  (12) 


^®)  =  iJ®/"')  o?K»©x)dT. 
2x 


i'2»i(^  I  Pi>  ^p  p*p  ^i»”M  P«»  Pb»  O  ~  ^•KPjf  ^|)  •*  (P p  *1)  ■  •••  ■•*(Pii>  O  **  (Pii' 


are  the  correqionding  moments,  for  n  =  1,  2,  of  the  light  field  u(p,  r)  in  the  entrance  jdane  3  for  die  optical  system  4  (see 
Figure  1). 

The  next  step  is  establishing  the  cormection  between  the  light  field  nxmients  in  the  right-hand  sides  of  Eqs.  (11)  and  (12) 
and  statistical  characteristics  of  turbulent  inhomogeneities  in  the  medium.  It  is  very  inqiortant  to  investigate  the  conditions  for 
validiQr  of  die  results  leading  to  a  linear  relation  between  die  statistical  moments  (1 1),  ( 12)  of  the  signal  and  die  energy  qiectium 
(4)  of  the  turbulence  and  enable  us  to  solve  die  problem  of  die  turbulence  spectrum  reconstruction  from  the  data  of  optical 
measurenimts. 

First  of  all,  we  have  to  fined  out  when  the  Bomiqiproximation  can  be  applied  to  the  problem  of  the  light  beam  scattering 
in  die  analyzed  vdume,  that  is  the  condidons  for  the  following  equality  to  be  valid: 

r-i  (14) 

«(P.  /)  =  Vi)  -  «o(*')  eV'  0  G(r.F)  cPr', 


where  r  =  {x,  p},  p  »  {x,y}  are  die  Cartesian  coordinates,  z  axis  coincides  widi  die  axis  of  propagation  of  light,  z  =  0 
corresponds  to  plane  2  and  z  «  L  to  plane  3  (see  Figure  1);  Ug  is  the  incident  light  fidd  in  the  volume; 
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is  the  wave  number  of  die  light  in  the  medium; 


471  )r-i'| 


is  die  Green  hmction  for  the  wave  equation.  With  the  use  of  Eq.  (14).  the  terms  containing  e'  in  the  third  and  higher  degrees 
must  be  omitted  in  the  expressions  obtained  for  the  light  field  moments  in  the  right-hand  sides  of  Eqs.  (11)  and  (12)  to  yield, 
with  the  account  for  Eqs.  (2),  (4),  (8),  (1 1),  and  (12), 


<A0>  =  /o  +  jMt|)  I<*>,(»1)  +  ‘I>o(»l)l  d*t,  ; 


(15) 


fl/T)  =  jA/(ti)  (<I>;(Ti)  +  <I>o(ti)]  exp(-  i  tjvT)  d*ii  ; 


(16) 


S(m)  =  J  Af(r|)  +  <I>o(ri)]  8(to  -  qv)  d*q  , 

whereA/(T|),  A#(q)  may  be  called  the  instrumental  functions  of  the  device,  and /g  depends  on  <Ep>  via  effective  mean  dielectric 
permittivity  of  the  medium. 

It  may  be  shown  (see  *')  that  the  condition  of  applicability  of  Eqs.  (IS)  depends  on  die  optical  system  4  (Figure  1)  and 
the  shape  of  incident  light  beam;  nudiematically  it  is  determine  by  tte  symmetry  properties  of  the  function 


7(Pi.  Pi)  =  ^(Pi.  Pi)  llCi'IPi.  ti  Pi.  0] 


where  Fj  is  the  second  moment  (see  Eq.  (13)]  of  the  incidoit  light  beam  at  the  entrance  of  the  optical  system  (see  Figure  I), 
and  R  is  defined  by  Eq.  (10).  Symmetric  part  of  the  function  T 

7*(P|.  Pi)  *  ^l7(Pi.  Pi)  +  7(Pi .  Pi)] 

is  found  to  respond  for  the  instrument  sensitivity  to  phase  fluctuations  of  the  analyzed  random  li^t  field  ,  while  and-symmetric 
part  of  T 


r(p,,  px)  ■  |(7(p,,  p,)  -  7(px,  p,)] 

corresponds  to  contribution  to  the  signal  variations  caused  by  amplinide  fluctuations  of  the  field  In  the  case  of  ’phase’ 
device,  for  which  |T|  >  >  |T'*'  | ,  the  restrictions  turn  out  to  be  less  stringent  then  for  ’amplitude’  ones:  usual  ’energetic* 
condition  for  ^iplicability  of  single  scattering  approximation 

is  just  sufficient  if  it  is  complemented  with  additional  relation  for  li^t  scattering  by  particles 

Ll^  (>8) 

where  <d*>  is  the  mean  value  of  particle  size,  </,  in  the  power  of  4;  averaging  over  different  hydrosole  types  (mineral  and 
organic)  gives  the  esdnuite 


aln-  10'”  +  10*'*  m'* 
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According  to  the  estimate  and  (S),(6),  the  inequalities  (17)  and  (18)  hold  in  the  wide  enough  range  of  situations  for  short-base 
instruments. 


L  ^  10  *  +  1  m. 

o 

Now  the  equalities  (16)  may  be  used  for  determining  the  total  spectrum  +  <I>^  in  the  case  of  statistically  isotropic 
inhomogmeities  ’  ,  when  the  both  spectra  dq>aids  only  on  the  module  of  die  spatial  irequ^icy  vector. 

To  evaluate  the  spectrum  F  of  refmctive  turbulmce  in  the  medium,  one  has  to  extract  the  contribution  by  discreet  scatterers. 
In  general  case  it  can  not  be  done.  For  example,  the  following  estimate  may  be  given  for  the  ratio  of  'discreet'  and  'turbulent' 
terms  in  Bj  from  (16)  for  'phase'  devices: 


(1+4  ^L) '  (3  •  io‘‘  + 10'’)  (1+4 


where 


fl<®  *’(0)  =  jAf(ri)<l>o.7<il)d'ti  , 


and  11^^  characterize  the  instrument  filtering: 

W(rO  =  0, 

It  is  inqxntant  diat  in  the  considered  spectral  range  (i.e.  for  q  >  I]-'!)  the  spectrum  <t>p  is  practically  constant  because  If 
>  >  and  thus  does  not  affect  the  shape  of  die  spectrum  to  be  reconstructed.  However  the  statement  may  be  invalid  for 
very  large  and  relatively  rare  particles  (like  zooplancton,  etc.). 


Figure  2.  Gmeral  view  of  the  photoelectric  schlirien  device.  Figure  3.  Schematic  diagram  of  the  photoelectric  schlirien 

device.  1  -  light  source;  2,3  -  windows;  4,6  -  olyectives; 

5  -  'shadow  diaphragm'  -  the  Foucault  knife-edge; 

7  -  filtering  diaphragm;  8  -  photodetector. 
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4.  EXPERIMENTAL 


According  to  the  theoretical  background  presmted  in  the  previous  Section  a  photoelectric  schlieren  device  scheme  is  chosen 
for  practical  realization  of  optical-turbulence-meter  The  general  view  of  the  instrument  is  dwwn  in  Figure  2,  and  its 
schematic  diagram  is  depicted  in  Figure  3.  The  transforming  optical  system  (cf.  Figure  1)  is  the  consistent  spatial-frequoicy 
filter  formed  by  the  olyectives  4  and  6,  and  die  'shadow  diaphragm*  at  the  Fourier  plane  5  -  die  Foucault  knife-edge 
perpendicular  to  the  velocity  v  of  ordered  modon  of  the  device  (scanning).  The  exit  plane  7  of  the  system  is  optically  conjugated 
with  its  entrance  plane  3. 

Let  X  axis  of  the  Cartesian  coordiiutes  {x,  y}  in  a  plane  perpendicular  to  the  light  beam  coincide  with  die  direction  of  ▼. 
It  is  convenient  to  introduce  also  the  coordinates  se  =  tty)  in  the  plane  7  differing  from  (he  'physical*  coordinates  {x,  y} 

by  the  scale  factor  equal  to  the  system  magnification.  Then  the  effective  intensity  transmittance  fimction  £(k)  of  the  filtering 
(Uaphragm  at  die  plam  7  may  be  written  as 


Ksr..  «,)  =  [rect^^j  -  ^  reclj^^jj  rect^^ j. 

where  b  <  c,  and  the  subtraction  is  realized  widi  the  use  of  a  matrix  photodetector  and  corresponding  electronic 
arrangement.  The  cross-section  of  the  collimated  li^t  beam  formed  by  the  illuminator  1  is  large  enough  for  its  image  to  cover 
die  diaphragm  (20).  The  angle  6^  of  the  beam  divergence  in  the  x  direction  is  large  enough  to  determine  the  light  spot  size  in 
the  Fourier  plane  S;  the  parameter  is  of  principle  importance  for  the  instrument  protection  against  vibrations. 

The  spectrum  5((d)  of  the  registered  signal  in  the  case  of  isotropic  inhomogeneities  (19)  is  expressed  by  the  formula  [cf. 

Eq.  (16)1: 


S((o)  =  JJJ  Mi\,  r\y,  q,)  8(ffl  -  q_,v)  dt]^  dq,  dq^ 

with  the  instrumental  function  of  the  form 


(21) 


A/(q,,  q,,  qp  =  sin^^q,  ^  sinc^^q^  g  sinc^(q,  F(qp 


^  sinc^^ 
sinc"(q,  I) 


+  5^o)>i-Sp(a)), 


where  (2  die  instrument  smisitivity  (in  Volts  per  radian)  for  beam  deflection  in  the  x  direction  (obtained  with  the  use  of  an 
rqjpnqiriate  optical  wedge),  and 


F(A)  = 


1  . 

2ti; 


2^, 


*e, 

2n, 


ke. 


s  1 

>  1 


at  last,  the  components  Sn  and  are  caused  by  electronic  noise  of  the  registration  channel  and  suspended  particles  in  the 
medium,  correspondingly.  The  spectrum  Sp  is  approximately  constant  in  the  spectral  range  of  interest.  According  to  the  note 
at  the  end  of  previous  Section,  tte  pulses  from  large  particle  are  filtered  out  by  a  special  electronic  device.  In  the  frequency 
range  bounded  by  the  inequalities 


(22) 
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die  Eq.  (21)  may  be  simplified  to  yield  die  iqiproximate  equality 


S((o)  n 


V  c 


sincj 

f 

r  *1 

sincj 

<  / 

+  S^oa)  +  Spia), 


(23) 


which  may  be  used  for  determiniiig  the  shi^  of  turbulence  ^lectnim  <l>j-  in  the  indicated  interval.  According  to  (22)  the  qiatial 
resolution  of  die  instnimmit,  i.e.  is  the  minimal  scale  of  registered  inhomogeneities,  is  determined  by  die  dimensicn  b  of 
the  filtering  diaidiragm  (20):  2  b. 


The  described  instrument  had  been  tested  during  a  set  of  field  experiments  carried  out  at  die  Black  Sea.  The 
optical-turbulence-meter  was  mounted  on  remotely  controlled  underwater  carrier  (shown  in  Figure  4)  towed  by  research  vessel 
with  die  vdocity  4.5  -  6  knots  at  the  depdi  up  to  2(X)  m.  The  typical  examples  of  the  reconstruction  of  refractive  turbulence 
spectrum  shape  from  the  registered  data  are  dqncted  in  Figure  S.  Note  the  different  background  level  for  die  qiectrum 
corresponding  to  die  undisturbed  water  (curve  1)  and  the  qiectra  of  intmsive  turbulence  near  tte  horizon  of  junqi  in  the  water 
density  (curves  2  and  3).  The  effect  is  likely  caused  by  die  variations  in  suqiended  particles  concentration  at  the  sqiarated 
horizons  and  thus  is  due  to  the  difference  in  the  values  of  Sp  term  in  (23). 


5.  CONCLUSIONS 

The  optical  shadow  instrumoits  widi  photoelectric  registration  af^iear  to  be  effective  tools  for  investigating  the  refractive 
turbulence  in  die  sea  water.  The  problem  of  turbulence  spectrum  reconstruction  from  optical  measurements  is  shown  to  be 
solved  conecdy  in  the  spectral  range  including  the  dissipation  scale.  The  high  spatial  resolution  and  smsitivity  achieved  by 
die  optical  method  significandy  exceed  the  potential  means  provided  by  the  'point*  detectors  measuring  the  fluctuations  in 
tenqierature,  velocity,  and  electric  conductivity  of  the  sea  water. 


Figure  4.  Remotely  Controlled  Underwater  Carrier  over¬ 
board  of  RA^  'Hydrooptic'. 


tmrgy  spMttvm,  b.v. 


Figure  5.  Exanqiles  of  reconstructed  turbulence  spectra 
(dashed  line  corresponds  to  die  Kolmogorov  *11/3*  spec¬ 
trum).  1  -  weak  turbulence  spectrum  in  undisturbed  sea  water 
below  thedensity  jump;  2,3  -  spectra  of  turbulence  in  die 
vicinity  of  the  jump. 
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ABSTRACT 

A  prototype  instrument  has  been  developed  to  measure  the  settling  velocity  of  marine  particulates  using  optical  techniques  in 
an  in-situ  settling  chamber.  Particles  from  100  pm  to  several  mm  are  imaged  by  a  shadowgraph  system,  which  has  a  30  cm 
depth  of  field.  Particles  in  the  10  to  100  pm  range  are  monittned  by  a  laser  diffraction  system.  Flow  management 
considerations  have  been  incorporated  into  the  instrument  to  ensure  minimal  disrupticm  of  die  aggregates  and  dieir  settling 
rates.  We  present  the  results  of  laboratory  tests  in  which  the  settling  rates  of  polystyrene  spheres  and  natural  marine 
particulates  have  been  measured  using  the  component  systems.  Design  considerations  far  die  self-contained  moored  vo^on 
are  also  specified. 


1.  INTRODUCTION 

In  recent  years,  there  has  been  an  increasing  interest  in  die  gremhoise  effect  and  the  eventual  fate  of  carbon,  a  significant  ptntion 
of  which  is  embodied  in  marine  snow  aggregates  and  smaller  organic  particulates.  In  wder  to  undostand  the  conqilicated 
processes  controlling  die  flux  of  particles  and  their  constituents  from  the  atmosidiere  and  uf^  ocean  to  the  ocean  floor,  diere  is 
die  need  to  enqiloy  long  term  vertical  flux  measurements  in  die  oceart  Traditicmally  diis  is  done  with  the  aid  of  sedimnit  traps.  It 
is  recognized,  however,  diat  sediment  traps  tend  to  suffer  from  sample  integrity,  trapping  inefficiencies  and  lack  of  temporal 
resolution,  which  casts  doubt  on  die  vertical  particle  flux  derived  from  diese  measurements’. 

The  instrument  described  in  diis  document  is  designed  to  alleviate  problems  associated  widi  sedimmt  tnqis.  The  moored  optical 
particle  flux  measurement  system  (MOPAR)  incorporates  a  horiztmtally  oriented  flow-dirou^  cfaainber  (Figure  1),  whidi 
efficiendy  captures  a  volume  of  water  and  creates  a  quiescent  settling  volume  widiout  disrupting  die  fragile  aggregates  or  creating 
large  secondary  flows  which  would  affect  settling  rate  measurements.  Two  types  of  optical  tediniques  are  utilized  to  mraiitor  in 
real-time  the  settling  rate  of  particles  over  die  range  from  10  pm  to  several  millimeters  in  size.  The  weathervaning  design 
continually  aligns  Ae  sanqile  chamber  widi  the  ambient  flow,  dius  avoiding  tnq^ing  efficiency  problems.  Odier  design 
considerations  include  inqiroved  anti-biofouling  charactnistics  and  low  power  consumption  for  Itmg  term  mowed  plications. 

A  ship-deployable  prototype  system  has  been  constructed  and  tested  in  die  lab  (Figure  2).  In  addititm  to  die  mechanical  and 
opticid  systems  developed  for  he  self-contained  moored  version,  die  prototype  has  two  "ground-truth”  video  camoas  to  record 
the  behavior  of  die  particles  from  the  side  and  die  bottom  of  die  chamber.  A  two  axis  currmt  meter  and  compass  mcHiitor  die 
effectiveness  of  the  weathervane  design.  The  prototype  system  is  affixed  to  a  tediered  buoy  near  the  test  vessel  widi  an  umbilical 
cord  linking  the  instrument  to  cm-board  power  supply  and  recording  devices. 

The  prototype  system  is  scheduled  to  be  tested  off  die  Soudiem  California  coast  (Catalina  Island)  during  die  writing  of  this  paper. 
Th*.  results  of  the  deployment  will  be  published  in  die  near  future.  This  paper  describes  various  components  of  die  system  and 
laboratory  test  results. 


2.  PROTOTYPE  SYSTEM  DESCRIPTION 

The  following  is  a  brief  description  of  the  prototype  system  and  its  conqxments.  Detailed  descriptions  of  the  main  critical 
conqionents  and  results  of  labwatory  testing  are  presented  in  Sections  3  and  4. 

The  MOPAR  insttummt  obtains  optical  measurements  of  particle  flux  in  die  settling  chamber.  The  weadmvane  tail  aligns  die 
setding  chamber  widi  die  horizontal  ambient  flow  (the  chamber  is  upstream  from  the  mooring  line  to  avoid  wakes);  die  leading 
edges  of  die  chamber  are  rounded  to  minimize  disturbances  to  the  incoming  flow.  The  front  and  back  doors  of  die  chamber  are 
streamlined  louvers  and  which  should  only  generate  minimal  (small  scale)  turbulence. 
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At  the  beginning  of  a  measurement  cycle,  &e  back  (or  downstrem)  louvers  of  die  chamber  are  quiddy  closed  (duratkm  ~ 
1  second)  to  uniformly  decelerate  die  flow.  This  technique  avoids  the  generation  of  secondary  circulations  and  turbulence  (as 
confirmed  by  laboratory  dye  visualization  tests),  which  could  affect  subsequent  settling  rate  measurements  or  disrupt  the  fira^ 
particulate  floes.  Turbulence  associated  with  the  boundary  layers  along  die  sides  of  die  diamber  (which  may  beomie  unstable 
during  the  deceleration)  is  conflned  to  within  a  few  millimeters  of  die  walls  and  does  not  signifleandy  affect  die  interior  fluid.  The 
front  louvers  are  dien  slowly  closed  (duration  ~  S  secrmds)  to  seal  off  the  diamber  from  the  exterior  flow  and  to  provide  a  light¬ 
tight  environment  Particle  size  and  setding  rate  measurements  are  begun  immediately  after  the  rear  doors  are  clos^ 

The  setding  rates  of  particles  in  die  chamber  are  monitored  by  two  optical  modules.  Large  aggregates,  from  100  pm  up  to  several 
millimeters  in  size  are  imaged  by  a  CCD  camera  as  part  of  the  shadowgraph  system  (Figure  2)  and  recorded  on  video  tape  (giving 
die  prototype  system  a  nominal  resolution  of  300  Ihies/frame).  The  images  are  post-processed  to  obtain  particle  settling  velocity 
and  verticid  ami  horizontal  dimensions  using  an  algoridim  that  detects  the  passage  of  specific  particles  dirou^  diree  (non¬ 
contiguous)  horizontal  rows  of  die  CCD  array.  This  approach  emulates  the  measurement  tedinique  to  be  implemoited  in  die  self- 
contained  version  which  will  utilize  three  horizontidly-oriented,  linear  CCD  arrays  (to  minimize  data  processing  and  power 
requirements  for  moored  deployments;  see  Section  5).  The  column  of  water  above  the  optica)  beam  constitutes  the  sample 
volume,  which  is  30  cm  wide,  50  cm  high  and  3  cm  diick  (4.5  liters). 

Particles  between  10  and  100  pm  in  size  are  monitored  by  a  laser  diffraction  system  (known  as  the  Near  Forward  Scatter  or  NFS 
system).  Mathematical  inversion  of  the  near-forward  scattered  intensity  distribution  is  used  to  obtain  die  particle  size  distribution. 
Samples  of  die  2-D  scattering  distribution  are  obtained  using  a  QD  camera  (charge  injected  detector,  similar  to  a  CCD) 
peri^cally  during  the  measurement  cycle  to  obtain  a  time  series  (“snapshots")  of  the  particle  size  distribution.  The  collimated 
beam  through  which  die  particles  pass  is  located  near  the  top  of  die  chanher.  Since  the  particles  settle  at  different  rates  dqiending 
on  die  size,  the  depletion  of  die  faster  Ootger)  particles  results  in  a  changing  particle  size  distribution  from  whidi  settling  rates  can 
be  inferred.  Because  of  the  very  slow  settling  rates  of  die  smaller  particles,  die  samples  are  taken  at  intervals  of  several  minutes 
over  a  period  of  time  that  can  extend  to  hours. 

To  provide  additional  information  on  die  particle  environment  and  to  verify  system  performance  during  die  ocean  test,  two  video- 
based  ground-trudi  systems  have  been  integrated  into  die  prototype  design  (Figure  2).  The  bottom  viewing  ground-tnidi  system 
(BVGT)  views  a  clear  acrylic  plate  at  die  bottom  of  die  chamber  using  a  macro  lens  and  CCD  (Pulnix).  This  system  records  the 
accumulation  of  particles  on  the  plate,  allowdng  die  estimatimi  of  size  vs.  settling  rate.  This  technique  emulates  one  described  in 
Ref.  2  which  was  used  to  obtain  settling  rates  of  ocean  aggregates  using  a  film-based  imaging  system.  A  second  macro-lens  and 
CCD  are  used  to  view  die  interior  of  die  chamber  from  die  side  (side  viewing  ground-truth  or  SVGT  system).  This  system  is 
mainly  intended  to  give  an  overall  view  of  what  is  going  on  inside  the  cham^,  such  as  residual  circulations,  overall  particle 
concentration,  etc.  during  deployment  The  lens  for  this  system  thus  has  a  very  high  f-number  to  provide  a  large  dqMh-of-field  (ca. 
5  cm  for  fr32).  This  system  requires  a  bright  light  (lOOW;  Deep  Sea  Power  and  Light)  whi^  is  mounted  cm  die  side  of  the 
chamber  opposite  the  SVGT  and  also  serves  to  illuminate  the  bottom  panel  viewed  by  the  BVGT. 

3.  COMPONENT  SYSTEM  DESCRIPTION 


3.1  Shadowgraph  (SG)  System 

The  shadowgraph  (SG)  system  (Figure  3)  was  developed  to  image  particles  in  the  range  from  1(X)  pm  to  several  millimeters. 
Based  on  a  shadow  imaging  technique,  its  makes  use  of  multiple  lenses  and  a  pinhole  in  die  receiver  optics  to  provide  an 
extremely  large  depdi-of-fleld  (DOF)  which  greatly  expands  die  volume  being  sampled.  The  system  described  below  can  extend 
die  usable  depdi-of-fleld  from  a  few  millimeters  to  over  3  cm  widi  very  little  loss  of  resolution  or  contrast  This  allows  more 
simple  and  robust  algoridims  based  on  a  single  threshold  to  be  used  to  identify  and  measure  particle  shape. 

Vm  DOF  for  an  imaging  system  depends  on  how  much  its  aperture  restricts  the  angles  of  die  rays  collected  by  die  receiving 
optics.  This  is  illustrated  in  Figure  4,  where  die  standard  practice  of  limiting  the  aperture  at  the  lens  reduces  the  blurring  of 
objects  as  they  move  longitudinally  away  from  the  point  of  best  focus  (i.e.,  object  plane).  Placing  a  pinhole  in  the  focal  or  Fourier 
transform  plane  of  die  1st  receiving  lens  also  restricts  the  angles  that  are  allowed  to  pass  throu^  die  system  to  be  imaged  without 
restricting  the  real  aperture  of  the  system,  as  shown  in  Figure  5.  This  method  also  minimize  die  dependence  of  die  DOF  on  die 
imaged  particle’s  position  away  (radially)  from  the  optical  axis.  It  is  this  alternative  mediod  of  extniding  the  DOF  along  with  the 
back  lighting  of  the  particles  that  forms  the  basis  for  this  new  technique.  This  pinhole  arrangement  is  known  as  a  telecentric 
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configuration  and  is  used  in  iq)plications  vrfme  parallax  is  to  be  avoided  since  only  rays  tibat  are  nearly  parallel  to  die  optic  axis 
aIeimaged^ 

The  size  of  the  pinhole  improves  die  DOF  of  the  system  but  it  can  also  degrade  die  resolution  tbrou^  diffraction.  A  very 
small  pinhole  will  give  a  very  large  DOF  but  can  distort  the  particle  image  by  diffractitm  of  the  imaged  rays  as  diey  pass 
through  the  pinhole.  The  varying  contrast  thus  created  would  nuke  die  diresholding  of  the  imagery  for  particle  size  and  shape 
analysis  m<xe  difficult.  It  was  found  that  a  pinhole  diameter  of  400  pm  provids  a  greatly  increased  DOF  widiout  significantly 
degrading  the  resolution  of  the  particle  images,  as  shown  in  Figure  6. 

The  configuration  of  the  launch  optics  for  the  shadowgnqdi  system  is  also  simpler  dian  similar  systems  where  particles  are 
back  illuminated.  In  a  system  described  in  Ref.  4,  the  DOF  is  determined  by  the  small  divergence  of  rays  due  to  diffraction 
radier  than  the  aperture  of  the  receiving  optics  (higher  divergence  gives  shorter  DOF).  This  divergence,  whidi  can  be 
characterized  by  die  angular  spread  of  the  Airy  disk  (given  by  6  -  0.61X/D  where  D  -  particle  diameto’),  depends  on  die 
particle  size.  In  the  system  of  Ref.  4,  the  collimation  of  die  illuminating  beam  can  become  die  limiting  factm  in  die  divergoice 
of  the  rays  for  the  largest  particles  (ca.  D  -  500  pm).  This  system  dius  requires  a  carefully  collimated  beam.  Since  die  depdi 
of  field  is  controlled  by  the  pinhole  in  the  focal  plane  of  the  receiving  optics  in  the  MOPAR  system,  die  effects  of  diffraction 
and/or  beam  divergence  are  not  important  and  die  launch  tqitics  can  be  made  much  simpler  and  less  expensive. 

32  Near-Forward  Scattering  (NFS)  System 

A  schematic  of  die  NFS  system  is  shown  in  Figure  7.  It  utilizes  standard  laser  diffraction  techniques^'*  to  monitor  die  small 
particle  size  distribution  in  Ae  sample  volume  as  a  function  of  time.  The  ouqwt  from  a  2.5  mW,  670  run  diode  is  spatially  filtered 
and  eiqianded  into  a  collimated  beam,  approximately  2  cm  in  diameter.  The  collimation  is  achieved  with  a  10.7  cm,  fr2.7 
achromatic,  aspheric  lens.  The  beam  path  Arough  die  sample  is  30  cm  long  and  located  5  cm  (measured  frran  the  beam  center) 
below  Ae  top  of  Ae  chamber.  The  near-forward  scattered  light  is  collected  by  a  6.29  cm,  frl.2  plano^xmvex  lois  (lens  aperture  - 
2.0  inches).  The  largest  scattering  angle  measured  by  diis  lens  is  4.8  degrees. 

The  detector  system  is  a  CID  camera,  the  imaging  array  of  which  is  placed  in  die  frx»l  plane  of  the  collector  Ims.  WiA  the  CTD 
camera,  an  extra  dynamic  range  of  30  or  so  can  be  achieved  by  controlling  die  integration  time.  Ftirthermore,  die  image  does  not 
"bleed"  iriien  a  pixel  saturates,  allowing  simple  azimuthal  averaging  to  reduce  noise.  These  features  make  the  GD  camna  an 
attractive  tool  for  prototyping  purposes.  The  mocsed  version  will  make  use  of  qiatially  and  energywise  more  economical  linear 
CCD  arrays*’’ . 

Near  Ae  transmitter  end  of  die  system,  part  of  Ae  laser  output  is  deflected  by  a  beam  flitter  and  monitored  by  a  reference 
photodiode.  On  Ae  collector  side,  a  similv  detector  mmiitors  dw  transmitted  beam,  part  of  which  is  deflected  into  the  photodiode 
by  an  ND  2.0  filter.  A  200  pm  pinhole  in  finnt  of  Ae  {Aotodiode  restricts  Ae  accqitance  angle  to  about  0.1°.  The  ratio  of  die  two 
photodetector  ouqwts  provides  an  accurate  measure  of  the  sample's  transmissivity,  corrected  for  laser  power  fluctuations  and 
contaminated  only  minimally  by  the  small  amount  of  highly  near-forward  scattoed  li^t 

Due  to  Ae  Fourier  transfomiing  property  of  die  collector  lens,  radial  distances  in  its  focal  plane  cone^xmd  to  scattering  angles. 
Therefore,  Ae  mtensity  distribution  measured  by  the  CID  array  (positioned  in  die  focal  plaw  of  die  Ins)  is  direcdy  related  to  die 
volume  scattering  fintotion  of  Ae  sanqile  m  ^  near-forward  direction.  This  function  can  be  inverted  to  obtain  die  sample's 
particle  size  distribution,  n(D),  where  D  is  die  diameter  of  die  particle,  and  n(D)  is  die  number  of  particles  per  unit  volume  in  die 
size  range  between  D  and  D  +  dD.  The  inverse  calculatum  is  krown  to  be  ill-conditioned  and  requires  qiecial  care***.  We  use  here 
Ae  inverse  mediod  described  in  Ref.  6,  whidi  enqiloys  a  nonnegative  least  squares  sdwme  wiA  logridimic  size  and  angular 
intervals. 

To  infer  particle  settling  rate  and  density  distribution  from  die  laso’  diffraction  measurenmits,  we  nmitg  die  sinqilifying 
assunqition  Aat  die  volume  of  particles  sanqiled  is  rectangular  in  shape  and  extends  from  the  top  of  die  diamber  to  die  botttmi  of 
die  laser  beam.  Since  the  decrease  in  the  nunAo’  of  particles  in  a  certain  size  class  is  due  to  the  dejdetion  of  particles  in  this 
rectangular  volume  as  diey  setde  out,  die  rate  of  decrease  is  a  direct  measurement  of  Ae  settling  velocity  and  die  density 
distribution  of  die  particles  in  Ais  size  class.  According  to  Stidres  law',  the  settling  velocity  of  a  ^Aerical  particle  is  related  to  its 
size  and  density  by 
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wbeie  s  is  die  ^peciRc  gravity  of  die  particle,  and  v  is  die  kmematic  viscosity,  which  is  dxxit  0.01  cm^/sec. 

Based  on  Equation  (1),  it  is  strai^tforward  to  show  diat 

dn(D.O  18Av  ,, 
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whore  f(s,J>)  is  die  joint  size  and  density  distribution  for  particles  of  diameter  D,  h  is  die  distance  from  die  top  die  chamber  to 
die  bottom  of  die  beam,  and  the  rate  of  decrease,  dn/dt,  can  be  derived  from  differencing  the  data  in  time.  The  parameto' s,  is 
givoi 


18Av  , 


The  vertical  mass  flux  is  then  given  by 

-  fj  /(s.D)p^s^j-^ViisdD 


(4) 


where  Po  is  die  density  of  water. 

3  J  Flow  Management  System 

Fluid  cunents  and  turbulence  can  affect  the  measurements  obtained  by  MOPAR  in  two  ways,  a)  by  disrupting  aggregates,  and 
b)  by  affecting  the  settling  rate  measurements  of  particles  (by  virtue  of  residual  currents  remaining  after  die  aft  and  front  louvers 
ate  closed). 

Previous  estimates  indicaie  that  one  common  type  of  marine  aggregate,  “marine  snow,”  is  nqptured  when  die  fluid  dyiunnic  strain 
rate  exceeds  approximately  1-2  sec''  This  strain  rate  correqxxxb  to  a  Newtonian  diear  stress  of  approximately 
0.02  dynes/cm’  or  to  a  turbuloit  energy  dissqiation  rate  of  about  0.1  cmVsec^  which  is  well  above  diat  due  to  arhbient  turbulence 
levels  in  the  ocean.  (Ambient  dissipation  rate  is  typically  0.001  to  0.01  cm^/sec’  in  the  ocean’s  mixed  layer  /  seasonal 
diermocline".) 

In  the  MOPAR  settling  chamber,  fluid  strain  occurs  in  die  bcxmdary  layer  on  die  interior  wdls  and  die  wake  bdiind  each  front 
door  louver.  In  die  open-flow  condition  (doors  open),  die  fluid  dynamic  boundary  layer  on  die  interior  walls  will  remain  laminar 
if  the  dutxigh-flow  speed  is  tess  dian  RtV/L,  n^ere  L  is  die  length  of  the  chamber  and  Rt  is  die  transition  Reynolds  number 
( ~  10^.  Given  the  length  of  die  settling  chamber  (SO  cm),  die  chamber  wall  boundary  layer  flow  should  remain  laminar  for 
speeds  less  than  20  cm/sec.  The  laminar  boundary  layer  diickness,  S,  can  be  estimated  from  the  Blasius  solution'^  which  gives 


whore  u  is  the  flow  qieed  Widi  the  SO  cm  chamber  tengtfa  and  a  flow  ^leed  of  20  cm,  the  boundary  layer  diickness  is  estimated  to 
be  0.9  cm  at  the  chambo'  exit  Thus,  only  a  few  pocent  of  die  flow  wdthin  die  chamber  is  subjected  to  a  high  strain  rate  due  to  die 
wall  boundary  layer. 

The  wake  bdiind  each  Icwver  can  also  disrupt  die  aggregates.  The  wake  half  widdi,  8w,  is  given  by'^ 
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For  die  MOPAR  dianiber,  Ibe  wake  ludf  widdi  is  ifiproximately  03  cm  at  die  dumber  exit  Thoefore,  die  vdume  fraction 
occupied  by  the  wakes  fifom  all  six  frxmt  louvers  is  less  dum  7%  of  die  total  chandler  volume. 

The  closing  action  of  the  louvers  can  introduce  some  tinbuleoce  in  die  dumdier  intoior,  increasing  with  die  n^iidity  widi  wiiidi 
they  are  closed.  The  time  it  takes  to  sti^  die  flow  and  enclose  the  duunber  is  an  inqiortaiit  parameter,  since  measuremmts  of  the 
faster  sinking  particles  must  be  initiated  quiddy  (widiin  several  seconds).  A  tow-tank  experiment  was  carried  out  to  visualize  the 
behavior  of  dye  steaks  passing  into  and  through  the  dumber.  The  results  of  this  eiqieriinnit  suggest  diat  dme  is  a  ne^igible 
amount  of  tur^ence  generated  by  die  louver  closing  actkm,  even  at  a  flow  speed  of  20  cm/sec.  The  interested  reader  is  referred 
toRd’.  7. 


4.  LABORATORY  TIST  RESULTS 

A  series  of  laborahny  tests  were  ccmducted  to  test  the  optical  conqxments  of  the  system,  the  results  of  whidi  are  rqiorted  below. 

4.1  Shadowgraph  System 

The  paformance  of  the  SG  system  was  tested  in  a  quiescent  settling  envinmment  (clear  acrylic  tank),  using  bodi  polystyrene 
^dieres  and  marine  aggregates.  Polystyrene  sfdieres  of  two  dififermt  diameters,  100  ±  2.0  pm  and  202  ±  4.0  pm  (fixnn  Duke 
Scientific),  were  used  in  die  calibration  tests.  A  digitized  SG  inuge  of  the  100  pm  particles,  without  badcground  subtraction,  is 
shown  in  Figure  8a.  The  dark  region  near  the  top  of  the  image  is  the  shadow  of  a  plastic  tube  used  to  guide  the  particles  from  die 
water  surface  down  to  a  position  near  die  SG  beara  Aldiou^  the  1(X)  pm  particles  are  barely  discemable  in  the  gray  scale  image 
near  die  plastic  tube,  they  are  readily  identifiable  vdien  die  intensity  cross  sections  are  examined.  One  typical  cross  section,  whh 
badtground  subtractkm,  is  shown  in  Figure  9.  A  digitized  SG  image  of  the  2(X)  pm  particles  is  shown  in  Figure  8b.  While  the 
particle  circled  in  die  figure  iqipears  somewhat  larger  dian  die  otho*  particles,  closer  examinatkm  reveals  diat  it  is  actually  a 
cluster  of  two  200  pm  polyqiheres. 

A  sequence  of  about  10  seconds  of  SG  recordings  of  200  pm  qiberes  were  digitized  and  processed  by  die  numerical  tedinique 
described  in  die  Appendix.  Hgure  10  ^ws  die  resultant  size  distribution  (fm  64  particles),  which  has  a  mean  diameter  of 
259  pm  and  a  standard  deviation  of  54  pm.  This  spread  in  particles  sizes  is  due  to  die  clustering  of  the  ^heres,  as  verified  by 
visual  inflection  of  the  background  subtracted  images. 

Sea  water  collected  from  die  energetic  tidal  zone  near  Whites  Point  in  San  Pedro,  California  was  used  for  die  natural  aggregate 
test  The  salinity  of  die  water  in  the  tank  was  adjusted  to  match  that  of  the  sample.  The  sample  botde  was  also  immersed  in  die 
tank  for  approximately  two  hours  prior  to  die  test  in  onler  to  cmnpensate  for  any  temperature  differmce.  The  botde  was  thm 
carefully  inverted  and  qpoied  so  diat  die  aggregates  would  fall  dnou^  die  measuremnit  volume.  Figure  11  shows  a  typical 
background-subtracted  shadowgraph  inuge  of  these  aggregates. 

Since  die  sample  originated  from  a  near  shore  location  next  to  a  storm  drain,  there  is  an  artificiaUy  hi^  concoitration  of  large 
particles,  smne  of  whidi  are  highly  compacted  and  quite  dense.  A  recording  of  more  than  3(X)  particles  was  processed,  the 
resulting  size  distribution  is  shown  in  Figure  12.  The  peak  number  of  particles  occur  in  die  300  to  400  pm  range.  There  also 
appears  to  be  an  increasing  number  of  smaller  particles  widi  decreasing  size,  down  to  die  resolution  limit  of  die  SG  system. 

The  settling  velocity  distribution  for  several  size  classes  is  shown  in  Figure  13.  The  smaller  particles  trad  to  have  a  larger  setding 
velocity  firead,  indkutive  of  different  material  constituents.  The  100  -  150  pm  particles,  for  instance,  have  settling  velocities 
ranging  from  1  to  35  mm/sec.  Assuming  a  mean  particle  size  oS  125  pm,  Stedees  law  predicts  die  fiecific  gravity  of  diese  particles 
to  be  in  the  range  frxim  1.1  to  5.1,  whidi  suggests  a  wide  range  ai  material  constituents,  anyvrihere  from  organic  materials  to 
metallic  ddiris.  The  more  coiuistrat  velocity  of  die  larger  particles  (Figures  13b  and  c)  is  probably  die  result  of  a  bettn-  averaging 
of  die  subparticle  material  properties. 

The  mean  setding  velocity  of  die  size  classes  in  general  decreases  with  particle  size.  Based  on  die  mean  settling  velocity  and 
Sttdces  law,  we  confute  ^  mean  density  of  each  size  class.  These  values  are  shown  in  Rgure  14  as  a  function  of  mean  particle 
size.  The  average  dmity  decreases  from  about  1.9  for  125  pm  particles  down  to  1.01  for  675  pm  particles.  This  trend  suggests 
hitler  porosity  and  possibly  hi^ier  fraction  of  organic  constituents  in  the  larger  aggregates.  It  also  confirms  die  intuitive 
hypodiesis  dut  die  energetic  tidal  zone  from  which  diese  samples  were  collected  is  able  to  suspend  small  partictes  of  hi^  drasity. 
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42  NFS  System 


A  sample  of  water  collected  from  the  tidal  zmie  near  Whites  Point  was  used  in  die  NFS  system  test  The  particles  woe  first 
suspended  in  die  test  tank  by  stirring  and  dien  allowing  diem  to  settle.  Ei^t  intensity  images  were  recorded  over  a  time  span  of 
two  and  a  half  hours.  A  ntndi  reading  was  taken  after  19  hours  from  die  mitia]  measurement  to  voify  the  stability  of  die  system 
and  also  to  serve  as  a  background  reading.  The  intensity  images  were  azimuthally  averaged  and  thm  inverted  to  obtain  particle 
size  distributions.  Since  die  residual  turbulence  from  the  initial  stirring  will  keep  the  particles  suspended  for  a  cotain  time,  die 
settling  rate  measured  in  this  experiment  represents  a  Iowa*  bound  of  the  actual,  undistubed  value. 

Accordiog  to  Ref.  5  and  6,  stable  inverse  calculations  migbt  be  achkved  if  the  size  and  angular  intervals  grow  geometrically,  Le., 
die  r::tio  between  two  consecutive  intervals  is  a  fixed  ctnstanL  Twelve  size  and  angular  intervals  are  used  in  die  calculations 
presented  in  diis  paper.  The  angular  intervals  span  the  range  from  0.4°  to  3.3°.  The  size  classes  span  the  range  fitim  1  to  100  pm. 

The  inverted  particle  size  distributions  at  diiee  differmt  times  are  shown  in  Figure  16.  The  relatively  rapid  depletkm  of  large 
particles  fimn  the  sanqile  volume  is  evident  (The  qiparmt  hi^  concentration  of  very  small  particles,  about  1  pm  in  size,  has 
beat  hypothesized  to  be  an  artifact  from  using  the  diffraction  qiproximatkm  die  Mie  dieory‘.)  The  concentration  of  cratain  size 
classes,  however,  does  not  always  decrease  unifrmnly.  This  is  eqiecially  noticeable  «ben  we  examine  die  full  amcentration 
history  (including  die  data  from  all  eigfrt  sample  times)  of  a  size  cla^.  Figure  17a  shows  the  concmoration  history  of  die  size  class 
centered  at  8.4  pxa  The  fluctuation  seen  in  die  figure  is  due  to  die  instability  inherent  to  die  invme  calculation.  Since  dure  are 
not  mougb  data  points  taken  at  die  early  times  to  warrant  a  statistically  sigitificant  result,  we  will  not  attempt  to  smooth  die  data 
and  calculate  die  density  distribution  from  Equatkm  2.  The  average  density  of  the  8.4  pm  particles,  however,  can  be  estimated 
from  die  time  dud  its  concentration  drops  to  half  of  the  maximum  value  (72  min,  after  the  mitial  time).  Based  on  the  known 
distance  (5  cm)  from  the  top  of  die  sanqile  to  die  bottom  of  the  laser  beam,  the  settling  velocity  and  hence  the  average  particle 
density  can  be  estimated  fimn  Equation  1.  The  resultant  qiecific  gravity  for  diese  particles  is  1.30,  whidi  suggests  a  mosdy 
(M-ganic  makeup  widi  a  smaller  but  significant  fractkm  of  inorganic  constitumts. 

5.  SELF-CONTAINED  MOORED  VERSION 

In  diis  section  we  suimnarize  die  main  diffnences  between  die  self-ctmtained  mocued  version  and  the  prototype  system.  The 
moored  vmion  will  be  significandy  more  compact  due  to  die  absence  of  the  ground-trudi  systems  and  the  use  of  more  conqiact 
components.  (The  NFS  receiver  h^ing  in  die  prototype  needs  to  have  a  9  in.  I.D.  in  orda  to  envelop  the  CID  camera  b^y, 
vdiich  isa9x8xlin.  box.) 

The  SG  and  NFS  detector  cameras  in  die  prototype  will  be  replaced  by  linear  CCD  arrays  to  save  qiace,  power,  and  to  reduce 
processing  rates  and  data  storage.  The  SG  receiver  will  ctmsist  of  dim  linear  arrays,  as  described  in  ^ipendix  A.  The  NFS 
detector  will  consist  of  a  single  linear  CCD  array.  Past  experiments*'^  have  shown  that  data  doived  from  a  linear  CCD  array  can 
be  successfully  inverted  to  obtain  particle  size  distributiotL 

Biofouling  of  the  optical  surfaces  in  die  moored  verskm  will  be  minimized  by  slowly  releasing  silver  and  copper  ions  into  the 
settling  diamber’*.  The  metal  ions  inhibit  the  growdi  of  a  bacterial  layv  on  die  optical  surfaces.  Since  larger  organisms  tend  not 
to  accumulate  in  the  absence  of  die  bacterial  layer,  this  mediod  should  effectively  minimiTe  biofouling.  The  efficiency  of  diis 
sterilizing  c^ioation  is  fiirdier  oihanced  by  die  fact  dut  die  sanqile  chandler  should  be  enclosed  most  of  die  time. 

The  power  consunqition  of  the  moored  version  will  also  be  grerdly  reduced.  The  CID  camera  requires  1.S  amps  at  12  volts;  the 
lamp  for  die  ground-truth  systems  requires  more  than  S  arrqis  at  12  volts.  These  power  hungry  components  will  not  be  present  in 
the  moored  verskn.  The  estimated  power  requirement  of  die  moOTed  version,  including  tolerating  die  microcontroller,  the  A/D 
converter,  and  die  detector  electronics,  is  between  10  and  20  watts.  If  we  assume  4  SG  and  4  NFS  sarrqiles  a  day,  die  system  will 
need  to  be  on  for  a  total  of  about  one  hour  per  day.  Assuming  die  system  will  stay  dqiloyed  for  six  months,  the  total  weight  of 
lithium  batteries  (rated  at  200  watt-hour  per  kg)  required  is  qo’roximately  12  kg,  which  is  not  excessive  for  a  moored  instrument 
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AFPENDK  A:  SHADOWGRAPH  PROCESSING  SYSTEM 

In  order  to  ci^iture  the  faster  sinking  marine  aggregates  (a  few  mm/sec),  die  SG  system  must  operate  in  the  30  -  60  Hz  range.  Widi 
die  present  video  based  system,  a  prdiibitive  amount  of  data  is  generated  for  storage  in  a  Icmg-term  deployment  To  ovocome 
this  problem,  we  develqied  a  near  real-time  processor  that  detects  particles’  shadows  and  reduces  the  informatioD  down  to  a  few 
single  statistics  fen  storage.  The  processing  cycle  consists  of  about  a  minute’s  wordi  of  data  acquisition  {diase  and  a  10  second 
processing  and  sttnage  phase.  This  cycle  is  then  repeated  indefinitely. 

In  die  data  acquisition  [diase,  die  video  camera  and  the  frame  gratdier  {Matrox  PIP-S12  board)  bodi  run  at  a  30  Hz  frame  rate. 
During  die  “d^  period”  between  the  end  of  die  A/D  conversion  and  the  beginning  of  die  next  frame,  thoe  is  anqile  time  to 
process  three  of  the  512  rows  of  data.  This  emulates  the  operation  of  using  three  linear  CCD  arrays  in  the  mowed  version  of  die 
instrumenL  (Since  a  fast  falling  particle  may  sk^  a  horiztmtal  row  entirely,  three  linear  arrays  are  used  to  increase  the  diance  of 
catdiing  all  of  die  particle  shadows.)  The  sinqile  processing  at  diis  stage  consists  of  reading  a  row  of  data,  subtracting  away  die 
background,  and  recording  the  location  and  extent  of  daikened  segments  widi  pixel  intensities  falling  below  a  certain  dire^Id. 
Since  die  edge  of  a  particle  dtadow  is  never  perfectly  sharp,  die  level  of  this  diresbold  determines  die  recorded  size  of  die  shadow 
and  serves  as  a  calibration  parameter. 

After  die  data  acquisition  (diase,  a  routine  searches  dirough  die  collection  of  dark  segments  for  each  linear  array  and  groups 
contiguous  and  overlapping  segments  into  particle  shadows.  The  following  characteristics  of  eadi  particle  are  diem  computed: 
horizontal  centroid,  centroid  in  time,  total  darkened  pixels,  maximum  horizontal  extent,  and  maximum  time  extent  Particles  seen 
by  two  arrays  are  than  matched  according  to  these  characteristu:s.  Whm  two  particles  from  two  arrays  are  found  to  have 
characteristics  falling  widiin  a  certain  range  of  each  odier,  diey  are  identified  as  the  same  particle  and  its  velociQ'  conqxments 
conqiuted,  based  on  die  time  its  centroid  crosses  die  two  arrays.  The  particle  dimensirais  ai^  velocity  conqxments  are  the  only 
data  items  to  be  permanently  stored  on  disk  and  retrieved  at  die  end  of  a  long  dqiloymait  period. 

Computing  die  vertical  velocity  of  particles  by  determining  die  time  it  takes  a  particle  to  fall  between  die  horizontal  arrays  is  a 
more  accurate  mediod  dian  simply  timing  how  long  it  takes  a  particle  to  fall  through  an  array.  In  this  latter  method,  vertical 
velocity  is  inferred  based  on  die  assumed  vertical  dimension  of  die  particle,  which  is  usually  tdren  to  be  the  same  as  the  widdi 
(which  is  measured  directly  as  die  particle  falls  through  the  array).  If  die  vertical  dimmskm  is  not  die  same  as  die  horizontal 
dimension,  which  is  generally  die  case  for  amoiphous  aggregates,  the  errw  in  velocity  will  be  in  proportion  to  the  discrepancy. 
Cwiversely,  using  multiple  arrays  to  determine  vertical  velocity  will  also  allow  the  vertical  dimensiwi  to  be  deduced,  based  on  the 
time  it  takes  die  particle  shadow  to  traverse  die  array. 
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MOPAR:  Moored  Optical  Particle  Flux  Instrument 


Mooring 

cable 


Swivel  & 
mooring 

attachment  Cowling 
anacnment  (gi^Qamlining) 


Fin  for  flow 
alignment 


Motor  &  pulley 
for  back  doors 


Shadowgraph 

receiver 


50  cm 


NFS 

receiver 


- 5^ 

Front  louver 
doors 


Shadowgraph 

source 


NFS  source 


Electronics, 
microprocessor 
&  power 


Figure  1 .  A  schematic  of  the  moored  optical  particle  flux  measurement  instrument  (MOPAR). 
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Figure  2.  A  photograph  of  the  prototype  instrument. 
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Figure  3.  Schematic  of  the  .shadowgraph  imaging  system  . 
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Focal  plane 


Figure  4.  A  particle  at  0|  is  focused  at  I|  and  a  particle  at  O2  is  focused  at  Ij.  If  the  detector  for  die  imaging  system  is  placed 
at  Ij  dwn  only  the  particle  at  0|  will  be  in  focus,  the  particle  at  O2  having  a  blur  spot  of  extent  Z".  How  far  die 
particle  can  move  away  from  dM  object  plane  at  Oi  and  still  be  in  focus  depends  on  how  fast  Z"  grows.  A  larger 
aperture  subtends  a  larger  angle  and  creates  a  larger  blur  spot  at  I2,  as  depicted  by  die  dashed  line  in  die  above 
figure. 


Pinhole  at  lens 
focal  plane 


Figure  S.  Placing  a  pinhole  in  the  focal  plane  of  the  lens  also  restricts  the  angles  of  the  rays  imaged  by  die  system.  In  diis 
case,  die  angles  subtended  by  ^e  effective  aperture  of  die  system  are  independent  of  die  location  of  tte  particles  in 
die  object  space. 
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Figure  6.  Cross-sections  of  shadowgriq>h  images  of  lOOMm  optical  fibers.  The  top  two  plots  (a  &  b)  show  cross-sections 
dirough  the  fiber  shadows  witib  and  without  background  subtraction.  The  bottom  plot,  (c),  shows  cross-sections  of 
a  100  pm  fiber  using  pinholes  of  different  sizes  in  the  receiving  optics,  compared  with  the  best  focused  iirmy  wiA 
no  pinhole. 
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Figure  7.  A  schematic  of  the  NFS  system. 
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Figure  8.  Shadowgraph  images  of  polystyrene  spheres,  a)  100  pm  spheres,  and  b)  200  pm  spheres.  The  par  cle  circled  in 
a)  is  a  cluster  of  two  200  pm  spheres  and  appears  larger  than  the  other  single  particles  in  the  same  image. 
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Figure  9.  A  linear  (horizontal)  cut  of  the  intensity  image  in  Figure  8a  dirou^  a  100  )Jm  particle.  The  background  intensity 
has  been  subtracted  from  the  image.  The  particle's  shadow  is  clearly  discemable  fiom  die  badcground  noise. 
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Figure  10.  Shadowgraph  size  distribution  for  the  sanqile  of  200  pm  polysfdieres. 
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Figure  1 1.  A  background-subtracted  shadowgraph  image  of  die  natural  aggregate  sample.  The  smaller  particles  seen  in  the 
image  are  about  200  to  300  pm  in  size. 


Figure  12.  Aggregate  size  distrilHitirai  of  the  sea  water  sample. 
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Figure  13.  The  velocity  distribution  of  three  particle  size  classes,  a)  100*150  pm,  b)  300-350  pm  and  c)  500-550  pm  particks. 
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Figure  14.  Mean  density  of  aggregates  as  a  function  of  die  aggregate  size,  derived  fimn  Stdces  law. 
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Figure  IS.  Azimutfaally  averaged  intensity  distribution  at  duee  different  tunes,  after  die  stirring  has  stopped. 
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figure  17.  The  time  dependence  of  the  particle  concentration  for  three  different  size  classes. 
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ABSTRACT 


An  inverse  problem  of  ocean  optics  is  solved  for  estimating  the  scalar  irradiance  and 
a  source,  such  as  fluorescence,  bioluminescence,  or  Raman  scattering,  or  an  optical  prop¬ 
erty  such  as  the  absorption  coefficient.  The  solution  requires  in  situ  measurements  of  the 
downward  and  upward  irradiances  and  a  priori  estimation  of  the  angular  shape  of  the  vol¬ 
ume  scattering  function.  The  iterative  inversion  procedure  is  developed  from  asymptotic 
two-stream  radiative  transfer  equations  and  the  conjugate  gradient  method. 

Preliminary  numerical  tests  show  that  the  algorithm  is  quite  accurate  in  the  region 
away  from  the  surface  but  gives  appreciable  errors  close  to  the  surface  where  the  asymptotic 
two-stream  equations  are  a  poor  approximation. 

Keywords:  ocean  optics,  radiative  transfer,  inverse  problem,  scalar  irradiance,  fluorescence, 
bioluminescence 


1.  INTRODUCTION 


The  Gershun^  equation  of  ocean  optics  is  the  conservation  principle  of  radiative  trans¬ 
fer  for  source-free  waters.  The  equation  can  be  viewed  as  an  algorithm  for  estimating  the 
absorption  coefficient  for  the  water  between  two  closely-spaced  positions  where  measure¬ 
ments  of  the  net  irradiance  and  scalar  irradiance  are  made.  A  straight-forward  extension 
of  this  algorithm  exists  for  estimating  a  source,  such  as  fluorescence,  bioluminescence,  or 
Raman  scattering,  provided  the  absorption  coefficient  is  known  or  can  be  approximately 
estimated.^’® 

More  recently  an  algorithm  to  simultaneously  estimate  three  parameters,  such  as  the 
absorption  and  scattering  coefficients  and  a  source,  has  been  formulated  and  numerically 
tested.^  The  algorithm,  which  requires  measurements  of  the  downward  and  upward  com¬ 
ponents  of  the  irradiance  and  scalar  irradiance,  was  developed  from  new  asymptotic,  two- 
stream  radiative  transfer  equations.  To  use  this  algorithm  it  must  be  assumed  that  the 
anisotropic  angular  scattering  behavior  is  known,  which  is  not  a  bad  approximation  since 
Petzold^  has  shown  that  the  angular  shape  of  the  scattering  function  is  reasonably  similar 
for  different  open  ocean  waters. 

The  objective  of  this  investigation  is  to  use  the  asymptotic  two-stream  radiative  transfer 
equations  to  develop  an  implicit  (i.e.,  iterative)  method  for  estimating  the  scalar  irradiance 
and  a  second  parameter.  One  possibility  for  the  second  parameter  is  a  source,  in  which  case 
it  must  be  assumed  that  the  absorption  and  scattering  coefficients  and  the  phase  function 
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are  known.  Another  possibility  for  the  second  quantity  is  that  the  absorption  coefficient 
be  estimated.  On  the  other  hand,  a  pigment  concentration  such  as  chlorophyll  a  can  be 
estimated  if  a  model  exists  that  correlates  the  absorption  and  scattering  coefficients  to 
the  concentration.  The  new  feature  of  this  analysis  is  that  no  measurements  of  the  scalar 
irradiance  are  needed  since  that  quantity  also  will  be  estimated  using  the  downward  and 
upward  irradiance  measurements. 

The  estimation  of  the  scalar  irradiance  from  the  downward  and  upward  irradiances  is 
a  worthy  objective  even  if  a  second  parameter  such  as  a  source  or  absorption  coefficient 
is  not  desired.  Jerome  et  al.^  and  Bannister,^  for  example,  have  performed  Monte  Carlo 
calculations  in  order  to  develop  correlations  between  irradiances  and  scalar  irradiances  for 
specific  waters;  such  correlations  can  improve  the  estimation  of  photosynthetic  active  radi¬ 
ation  (PAR). 


2.  THE  ASYMPTOTIC  TWO-STREAM  EQUATIONS 

It  is  assumed  that  the  seawater  is  stratified  in  plane  layers  for  which  the  radiance  at 
an  implied  wavelength  is  L{z,/i,4)  &nd  where  z  is  the  depth  measured  from  the  surface, 
fi  is  the  cosine  of  the  polar  angle  defined  with  respect  to  the  nadir  direction,  and  4>  is  the 
azimuthal  angle.  If  the  azimuthally-integrated  radiance 

/•2ir 

^(^1/^)=  /  L{z,n,<l>)d<f>  (1) 

Jo 

is  measured,  then  the  radiance  L{z,n)  for  an  isotropic  source  Q{z)  satisfies  the  radiative 
transfer  equation 

/i^L(z,  n)  +  c{z)L{z,  fi)  =  b{z)  J  ^  fi')L{z,  , 

=  ^  E(2'>  +  iUnPnMEM  +  ^  .  (2) 

n=0 

The  Pn{fi)  are  Legendre  polynomials  and  the  radiance  moments 

En{z)  =  J  ^  Pnifi)L{z,  n)dfi  (3) 

for  n  =  0  and  1  are  the  scalar  irradiance  and  the  difference  of  the  downward  and  upward 
irradiances,  respectively.  Also,  c{z)  =  a(z)  -f  b(z)  is  the  attenuation  coefficient  and  the 
azimuthally-integrated  volume  scattering  function  is  normalized  such  that  /o  =  1. 

For  simplicity  we  will  assume  that  the  source  varies  in  a  piecewise  constant  manner 
between  any  two  measurement  depths  so  that  dQ{z)/dz  =  0,  although  this  approximation 
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could  be  relaxed  as  was  done  when  deriving  three  equations  for  a  new,  asymptotic  two- 
stream  model.^  For  this  special  case  of  the  model,  two  of  the  equations  are 

iSM  +  aEo{z)  ^  Q(z) ,  (4a) 

az 

where  u>  =  b/c  is  the  single  scattering  albedo.  The  first  equation  is  merely  Gershun’s 
equation  with  a  source,  as  obtained  by  integrating  Eq.  (2)  over  /x;  the  second  equation  was 
derived  by  multiplying  Eq.  (2)  by  p  and  integrating  over  p  to  find 

d[2£;2(^)  +  Eo(z)]/dz  +  3c(l  -  ufi)Ei{z)  =  0 , 
and  then  assuming  the  “higher-order”  E2(z)  could  be  approximated  by 

E2{^)  «  52(»'o)lJSo(z)  -  Q{z)la\  , 
which  corresponds  to  L(z,fi)  being  in  the  asymptotic  regime. 

Here  i/q,  the  largest  eigenvalue  of  the  homogeneous  radiative  transfer  equation,  is  the 
largest  positive  root  of 


|f:(2n  +  l)/„/‘?2W^dM=l,  (5) 

^^0  y-1  *  -  M 

while  the  gnif*)  are  the  Chandrasekhar  polynomials®  of  degree  n,  even  or  odd  depending  on 
whether  n  is  even  or  odd,  that  satisfy  the  recursion  relation 

(n  +  l)5n+l(/*)  -  (2n -I- 1)(1 -a>/„)pp„(p) -hn^„_i(p)  =  0,  n>0,  (6) 

with  5-1  (p)  =  0  and  50 (p)  =  1- 


Equations  (4)  can  be  numerically  solved  by  dividing  the  depth  range  into  N  intervals, 
denoted  by  Azi,  t  =  1  to  N,  and  averaging  the  equations  over  spatial  region  Zi  <  z  <  «*+!> 
i  =  0  to  (^T  —  1).  We  define  Azi  =  Zi+i  —  Zi,  Zi  =  (zi+i  +  a^i)/2,  and 


Eni  —  "b  ■^»»('*»)]/2  > 

^Eni  —  En{zi+i)  —  En{zi)  , 


En{z)dz  SS  AziEni. 


The  resulting  equations  are 


Azi 


+  <ZiEoi 


|/0<(1  -  +c<Eit  «  0, 


where  Oj  denotes  the  average  value  of  a  in  region  zt  <  z  <  zi+i  and  w* 
I7oi  is  the  largest  eigenvalue  for  spatial  region  i. 


(7a) 

(7b) 

(7c) 

(8a) 

(8b) 

1  —  o»/c<.  Also, 
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3.  ESTIMATION  OF  THE  SCALAR  IRRADIANCE  AND  A  SOURCE 

To  solve  this  problem  we  must  assume  that  a*  and  Ct  =  ai/(l  —  uTt)  are  known.  We 
then  use  Elq.  (7a)  in  (8a)  and  (7b)  in  (8b)  to  obtain 

„  „  2AEii 

Eo,i+l  +  Eoi  «  - - r - , 

Oj  UiAzi 

r.  r.  aiEuAzi 

£'0,t+i  -  ^Qi  »  -=5-7; — • 

Subtraction  of  the  two  equations  leads  to  the  result 


p  .-9l  - 

Oi  aiAzi  2vQi{l  -  ari)2  ’ 


t  =  0  to  (iV  -  1) . 


With  this  set  of  equations  we  first  use  an  assumed  source  distribution,  as  denoted  by  Q ^ ,  to 
estimate  the  scalar  irradiances  Em.  To  close  the  set  of  equations,  at  least  three  approxima¬ 
tions  are  possible.  One  can  use  the  asymptotic  distribution  -^0(2)  ~  exp(— cz/t/o)  at  deep 
depths  to  assume  that  dEo{z)fdz  «  — (c/Fo)^o(^^)  for  the  deepest  region  zjv-i  to  Zff;  then 
a  first-order  finite  difference  approximaton  leads  to 


r.  r,  11  CN-lAzff-ly 

Eon  «  Eo  n-\ [1 - = - 1  • 


(10a) 


Another  equation  for  Eqn,  developed  by  assuming  a  linear  relationship  for  the  scalar  irra- 
diance  between  the  last  three  positions,  is 


Eqn  W  2Eo^N-1  -  Eo,N-2 


(10b) 


If  ratios  of  the  scalar  irradiances  at  the  deepest  positions  are  the  same,  then  a  third  approx¬ 
imation  for  estimating  the  scalar  irradiance  at  the  deepest  node  is 


Eqn  «  EQ  jf_i/Eo,N-2  • 


(10c) 


To  estimate  Eoi  and  Qj  as  a  function  of  depth,  a  source  distribution  is  assumed 
so  that  the  estimated  values  of  the  scalar  irradiances  can  be  computed  from  Elq.  (9)  and 
one  of  the  Eqs.  (10).  The  estimated  values  then  are  used  in  Ek}.  (8a)  to  compute  a  source 

distribution  Qj.  The  difference  between  the  calculated  and  c^sumed  sources  is  minimized 
by  using  the  conjugate  gradient  method^’^^  and  the  fimctional 

■>  =  .  (11) 

i=0 

Once  J  has  been  minimized  to  a  sufficiently  small  value  the  final  estimates  of  are  used 
to  obtain  Em  for  i  =  1  to  iV  from  Eqs.  (9)  and  (10). 
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To  test  the  algorithm  it  was  first  necessary  to  assume  a  model  for  the  dependence  of 
the  optical  properties;  we  selected  a  model  used  by  Gordon  et  al.^^  and  Mobley  et 
that  depends  on  pigment  concentration.  This  model  is  for  a  mixture  of  pure  water  (labeled 
with  subscript  w)  and  particles  (labeled  with  subscript  p)  in  which  it  is  assumed  that  the 
wavelength  and  pigment  concentration  for  the  particles  can  be  factored  as 

«,(X,  C)  =  .  (12) 

where  C  is  the  concentration  in  mg  m“^  and  C  <  10  mg  m“®.  For  the  scattering  coefficient, 
an  approximate,  special  case  of  the  model  was  selected, 

6p(A,C)  =  0.3^C®“.  (13) 

The  mixing  of  the  particles  and  pure  water  to  get  the  albedo  of  single  scattering  for  the 
mixture  was  done  using  the  equation 


ojp{cp/c^)  -f  u  W 
(Cp/ Cu,)  -f- 1 


(14) 


where  Cp  =  Op  +  bp,  for  example. 

r 

Numerical  tests  on  the  algorithm  of  Eqs.  (9)  and  (10c)  were  done  for  three  cases  of  a 
deep  body  of  water  of  uniform  optical  properties.  Case  A,  for  a  wavelength  of  570  nm,  had  no 
source  and  a  pigment  concentration  of  6  mg  m“®.  The  optical  properties  were  =  0.0799 
m“^,  bfu  =  0.0017  m“^  o  =  0.1286  m~\  and  6  =  0.8808  m“^;  the  expansion  coefficients  fn 
for  the  phase  function  were  computed  in  the  manner  of  Francisco  and  McCormick.  The 
computed  downward  and  upward  irradiances  to  be  used  as  simulated  measurements  at  every 
meter  of  depth  are  shown  in  Fig.  1,  Case  A.  Case  B  of  Fig.  1  illustrates  the  irradiances 
computed  with  no  source  and  a  wavelength  of  500  nm,  C  =  10  mg/m^,  a^,  =  0.0257  m~^, 
byj  =  0.0029  m“^,  a  =  0.1860  m~^,  and  b  =  1.3786  m“^.  For  Cases  A-C  the  botmdaiy 
conditions  were  i/(0,p)  =  105(p  —  0.866),  0  <  ^  <  1,  and  L(z,p)  — ►  0  for  large  z. 

For  Case  C  we  took  a  bioluminescence  profile  of  Greenblatt  et  oZ.^®  (California  station, 
33.46  degrees  N,  119.36  degrees  W,  0055,  July  20,  1982).  The  calculation  was  done  for  a 
wavelength  of  670  nm  for  which  the  pure  water  properties  are  Oj,,  =  0.4300  m~^  and  6^,  = 
0.6421  m“^.  The  pigment  concentration  was  assumed  to  be  10  mg  m“®  which  resulted  in 
water-particle  properties  of  o  =  1.6002  m~^  and  6  =  0.6421  m”^.  The  simulated  downward 
and  upward  irradiance  measurements  versus  depth  are  shown  in  Fig.  1,  Case  C. 

Figure  2  shows  the  estimated  scalar  irradiance  compared  to  the  simulated  scalar  ir¬ 
radiance,  and  Fig.  3  shows  the  estimated  source  that  should  have  been  zero  everywhere. 
It  is  seen  that  there  are  significant  errors,  until  one  gets  below  6-8  m,  that  arise  from  the 
fact  that  the  asymptotic  two-stream  algorithm  is  a  poor  approximation  near  the  surface; 
errors  also  occur  at  deeper  depths  when  the  value  of  Eo{z)  becomes  so  small  that  numerical 
inaccuracies  become  significant.  Similar  results  are  seen  in  Figs.  4  and  5  for  Case  B  except 
that  the  estimates  are  good  at  depths  as  small  as  4  m  because  the  asymptotic  distribution 
is  reached  at  a  shallower  location  than  for  Case  A. 
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Figure  6  shows  the  estimated  scalar  irradiance  compared  to  the  scalar  irradiance  for 
Case  C  and  Fig.  7  shows  the  corresponding  comparison  for  the  estimated  source  and  the 
source  measured  by  Greenblatt  et  al.^^  The  estimated  source  is  most  accurate  in  the  mid¬ 
depth  region  where  the  asymptotic  assumption  is  a  good  approximation  and  the  scalar 
irradiance  is  not  too  small. 


4.  ESTIMATION  OF  THE  SCALAR  IRRADIANCE  AND  A  DIFFERENT  QUANTITY 

The  procedures  for  solving  two  other  inverse  problems  using  the  asymptotic  two-stream 
equations  of  Eq.  (8)  can  be  briefly  mentioned.  Both  require  that  there  be  no  source  .o 

Qi  =  o. 

4.1  Estimation  of  the  Scalar  Irradiance  and  the  Absorption  Coefficient. 

In  this  application  it  is  necessary  to  assume  that  the  scattering  coefficient  b{z)  is  known 
as  a  function  of  depth.  An  assumed  value  of  the  absorption  coefficient  of  is  used  to  compute 
=  bi/ and  then  the  eigenvalue  17q  can  be  deteimined  from  Eq.  (5).  The  source-less 
form  of  Eq.  (9)  plus  one  form  of  Eq.  (10)  then  is  used  to  compute  Eoi,  and  a  computed 
absorption  coefficient  is  ob+ained  from  the  source- less  form  of  Eq.  (8a).  Then  the 
conjugate  gradient  method  is  used  to  minimize  the  functional 


(15) 

»=o 

Once  J  has  been  minimized  the  final  estimates  of  Eq*  and  can  be  obtained. 

4.2.  Estimation  of  the  Scalar  Irradiance  and  the  Pigment  Concentration. 

In  this  more  realistic  problem  where  neither  the  absorption  nor  scattering  coefficient 
need  be  known,  a  correlation  of  the  two  coefficients  to  pigment  concentration  is  required, 
such  as  the  model  of  Eqs.  (12)  to  (14).  The  iterative  solution  is  done  by  first  assuming  a 

pigment  concentration  and  then  computing  ZJi  from  Eqs.  (12)  to  (14).  The  eigenvalue 
Fo  then  can  be  determined  from  Eq.  (5)  and  the  value  of  Eoi  then  is  computed  from  the 
source-less  form  of  Eq.  (9)  plus  one  form  of  Eq.  (10).  After  Oj  is  estimated  from  the 

source-less  form  Eq.  (8a)  the  pigment  concentration  can  be  computed  from  Eq.  (12). 
The  conjugate  gradient  method  is  then  used  to  minimize  the  functional 


<i«) 

i=0 

Once  J  has  been  minimized  the  final  estimates  of  Eoi  and  Cj  can  be  obtained. 


5.  CONCLUSIONS 

A  new  algorithm  is  proposed  for  estimating  the  scalar  irradiance  and  a  second  quantity 
such  as  a  spatially-varying  source,  the  absorption  coefficient,  or  the  pigment  concentra¬ 
tion.  The  method  requires  only  the  measurement  of  the  downward  and  upward  irradiances 
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and  appropriate  information  about  the  optical  properties.  Because  asymptotic  two-stream 
equations  are  used  for  the  algorithm  the  results  are  poorest  for  depths  near  the  surface. 
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Fig.  1.  Simulated  measurement  data  for  the  irradiance  for  Case  A.  no  source  at  570  nm 
for  a  pigment  concentration  of  6  mg  m~^;  Case  B,  no  source  at  500  nm  for  a  pigment 
concentration  of  10  mg  m“®;  and  Case  C,  the  Greenblatt  et  al.^®  source  at  670  nm  for  a 
pigment  concentration  of  10  mg  m“®. 
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Fig.  2.  Case  A  simulated  scalar  irradiance  vs.  depth  and  values  estimated  from  the 
simulated  measurements  of  Fig.  1. 


Fig.  3.  Case  A  source  vs.  depth  estimated  from  the  simulated  measurements  of  Fig.  1. 
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Fig.  4.  Case  B  simulated  scalar  irradiance  vs.  depth  and  values  estimated  from  the 
simulated  measurements  of  Fig.  1. 


Fig.  5.  Case  B  source  vs.  depth  estimated  from  the  simulated  measurements  of  Fig.  1. 
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Fig.  6.  Case  C  simulated  scalar  irradiance  vs.  depth  and  values  estimated  from  the 
simulated  measurements  of  Fig.  1 . 


Fig.  7.  Case  C  source  vs.  depth  estimated  from  the  simulated  measurements  of  Fig.  1. 
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ABSTRACT 

In  order  to  increase  the  accuracy  of  measuring  the  chlorc^yll  concentration  from 
shipboard  or  satellite  and  to  find  out  maximum  potentials  of  remote  sensing,  the  method  of 
mathematical  design  of  experiment  is  recommended.  It  is  shown  that  the  optimum  design 
includes  not  more  than  two  wide  composite  spectral  channels.  A  recurrent  algorithm  for 
selection  of  the  optimal  spectral  channel  is  suggested.  In  order  to  use  this  algorithm, 
one  must  know  statistical  characteristics  of  the  system  "water-leaving  radiance  spectrum  - 
chlorophyll  concentration  in  surface  waters".  They  were  simulated  on  the  basis  of 
well-known  low-parametric  models  for  water  optical  properties  because  of  lack  of 
experimental  data  on  these  characteristics.  Optimal  spectral  channels  have  been  computed 
and  an  example  of  chlorophyll  concentration  retrieval  is  shown.  They  may  be  considered  as 
preliminary  results  demonstrating  possibilities  of  the  experimental  design  method. 


1.  INTRODUCTION 

Optimal  remote  sensing  is  one  of  the  most  effective  methods  of  studying  the  ocean 
properties.  Well-known  and  widely  used  methods  of  estimating  the  chlorophyll  concentraticm 
C  in  sea  waters  are  based  on  upwelling  water  radiance  measurements  in  several  wavelengths 
and  subsequent  retrieval  of  C  using  regression  dependencies  between  C  and  some  functionals 
of  measured  spectra.  Usually,  the  color  index  (ratio  of  radiances  in  two  wavelengths)  Is 
used  as  such  a  functional*.  Recently,  the  principal  component  analysis  has  be«i  used  for 
this  problem.  Here,  the  weighting  factors  and  expansions  of  rsullance  spet^a  with  respect 
to  eigenvectors  of  the  correlation  matrix  are  used  as  such  a  functional  .  Complexity  of 
retrieval  the  C  is  due  to  many  interference  factors,  especially  for  satellite  observations 
when  atmospheric  radiance  is  5-10  times  the  "useful"  ocean  radiance.  The  accuracy  of  the 
retrieval  is  still  rather  low.  We  think  that  the  ^ost  promising  way  to  increase  it  is 
application  of  the  theory  of  experimental  design  .  This  theory  provides  the  maximal 
possible  accuracy  of  the  retrieval. 

The  problem  of  experimental  design  in  our  case  is  to  find  the  optimal  spectral 
channels  for  measurements  of  the  water-leaving  radiance  and  to  retrieve  the  chlorophyll 
concentration  by  measurements  in  these  channels.  In  the  visual  spectrum  both  the 
dark-current  receiver  noise,  with  the  variance  independent  of  the  useful  signal  level,  and 
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the  shot  noise,  the  variance  of  which  is  directly  |»*oportional  to  the  signal  level,  are 
present.  It  i^  |his  feature  that  makes  our  formulation  of  the  problem  different  from  that 
known  before*'  .  Our  goal  is  to  develop  a  convergent  iterative  algorithm  for  seart^lng  the 
optimal  spectral  channels  in  visual  spectrum.  We  used  this  algorithm  for  computation  of 
the  optimal  spectral  channels  In  the  case  of  shipboard  measurements  (without  account  of 
the  atmosphere).  The  computations  are  based  on  the  simulated  radiance  spectra. 


2.TIIE  METHOD 

The  following  measurement  model  is  accepted^.  Let  u(\)  be  the  measured  radiation 
spectrum,  namely  the  average  munber  of  "effective”  photmis  (primary  electrons  for 
electronic  detectors)  at  the  receiver  input  per  unit  wavelength  and  per  unit  time.  Let 
jcfA.)  be  the  spectral  filter  transmittance  (^e  spectral  channel).  Then,  the  number  of  the 
"effective"  photons  registered  in  the  time  period  t  will  obey  the  Poisson  distribution 
with  the  conditional  mathematical  expectation 

Ey  =  tflua^xfXAdX+p;.  (1) 

where  v  is  the  dark  current  at  detector  measured  in  units  of  the  number  of  electrons  per 
second.  The  integrals  here  and  everywhere  In  this  paper  are  taken  over  the  entire  spectral 
region  used  in  the  measurements.  The  aim  of  the  experimenter  is  to  estimate  a  certain 
state  parameter  of  the  underlying  surface  0  which  is  statistically  associated  with  the 
spectrum  u(\),  by  means  of  measurements  In  several  spectral  channels.  It  is  supposed  that 
the  first  two  moment^  of  Joint  distribution  (u(X),e)  are  known  quantities.  They  are: 
<e>,mean  value  of  0;  <r^,  variance  of  0;  f(X),  mean  value  of  u(X)i  K(X,X"),  covariance 
function  of  u(X);  and  q(X),  covariance  between  u(X)  and  0. 

in  our  case,  the  parameter  0  is  the  chlorophyll  concentration  C  .  It  is  assumed  that 
the  measurements  can  be  performed  during  the  time  interval  t.  The  set  of  channels 

and  the  time  periods  for  signal  accumulations  in  them  t^,  lBi...r  which  satisfy  natural 

limitations  0  s  ^  L  Z  ^  named  the  experimental  design  ^  fm*  0 

estimation. 

We  shall  search  for  an  optimal  design  ^  only  for  linear  estimates  of  0  from  results 
of  the  measurements  y  ...  y  in  spectral  channels  x  (X)  ...  x  CX.).  Hence,  it  is  natural 

1  r  1  r 

to  consider  the  variance  h(^)  of  the  best  linear  estimate  d  of  the  parameter  9  as  the 
criterion  of  the  design  ^  optimality. 


f(X)x^(X)dX,  (2) 


q(X)x^(X)dX,  (3) 


We  introduce  the  following  notation  : 
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k^(X)  =  I  K(XX)x^(y)d\\ 

»  II  K(XX)x^(X)x^(X')dXdX\ 


q  =  (q  ...  q  -)  ,  k(X)  =  (k(X)  ...  k  (X))  ,  y  (y...  y  )  , 

1  r  1  r  I  r 


-Kf 


T  =  diagU^),  •  =  dlag(f+  v). 


D  -  K  *  ♦r'\ 
F(x(X))  »  f  f(X)x(X)dX, 


» 


4<x,v  =  qa;  -  k^(x)D~^q, 


d(x<X),V  =  (F(X(X))  *  vH 


,-1/2 


^)x(X)dX. 


(4) 

(5) 

(6) 

(7) 

(8) 
(9) 

(10) 

(11) 


The  function  x(X)  in  Eqs.  (9),  (11)  is  an  arbitrary  spectral  channel  optimally 
included  in  design  The  values  of  estimate  O  and  variance  h(^)  are  easily  derived  to  be 


d  =  <0>  +  q^  O’*  T'*  y. 
h(^)  ■  <r*  -  D~^q. 

7 

The  authors  have  found  the  following  properties  of  the  <^timum  design  t 
l.If  design  ^  is  optimal,  then  for  any  channel  x(X) 

d^(x(X),^)  3  Z  (t/t)  d^(x^(X),^), 

otherwise,  if  design  C  is  not  optimal,  then  there  exists  channel  x(X)  such  that 

d^(x(X),V  >  E  <t/t)  d^(x^(X),^). 

I 


(12) 

(13) 


(14) 


(15) 


2.  Let  ^  be  the  arbitrary  design.  Then,  the  following  inequality  estimates  the 


approximation  of  this  design  to  optimal  design  ^  : 


\h(^*)-h(V\/t  ^  mAX  (f(x,V  -  (t/t)i(x,V> 

Osx(X)sl  '  ' 


(16) 


3.  With  a  certain  additional  condition,  the  optimum  design  includes  not  more  than  two 
spectral  channels  x  (X)  and  x  (X)  taking  only  valtms  of  0  or  1. 
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The  optimum  design  structure  thus  determined  makes  it  possible  to  suggest  a 

convergent  ailgorithm  for  optimum  spectral  channel  selection  which  follows. 

0.  As  an  initial  approximation  we  choose  indicat(H*s  of  intervals  of  increasing  and 
decreasing  function  qCA)  and  designate  them  as  and  x  respectively.  If  q(\)  Is 

monotonic,  there  will  be  only  one  channel. 

1.  Let  us  find  the  optimum  time  periods  t  which  minimize  the  variance  h(^)  for 

channels  x  (X),  x  (X)  already  selected.  Because  of  x  (X),  x  (X),  t  +  t  «  t  is  fixed, 

♦  -  ♦  -  ♦  - 

7 

h(^)  is  a  function  of  only  one  variable  (with  a  single  minimum,  as  proved  ),  and  we  will 
find  the  minimum,  e.g.  by  the  golden  section  method. 

2.  Let  us  find  the  "extreme"  channel  x\x)  that  makes  it  possible  to  achieve 

max  d(x(X),^).  It  has  been  proved^  that  a  constant  exists,  such  that  this  diannel  is 
equal  to  1  for  points  X  where  ^X,C)  >  c^f(X),  and  is  equal  to  0  for  points  X  where 

^X,^)  <  c^f(X),  i.e.  the  value  d(x^(X),^)  is  uniquely  defined  by  the  ccmstant  c^.  It  has 
been  proved^  that  there  is  a  single  maximum  of  the  function  d(c^),  which  should  be  located 
by  the  golden  section  method. 

3.  Acting  similarly  we  find  the  extreme  functional  x*(X)  for  which  mtn  <Kx(X),^)  is 
reached. 

4.  Having  prescribing  the  value  of ^  c,  i.e.  the  difference  between  variance  h(^) 
reached  and  variance  of  optimal  design  h(^  ),  let  us  calculate 

t  max<d^(xyx).V,d^(x[(X).V)  -  t^d^(x^(X),^)  -  t_d^(xjX).V.  (17) 

If  this  quantity  is  smaller  than  c,  the  algorithm  stops  functioning.  Otherwise,  we  pass 
over  to  Point  5. 

5.  Let  us  select  the  following  new  channels 

x^fX^  »  0  -  a)x^(X)  +  ax^(X)  ,  x^(X)  ■  fl  -  a)xJX)  *  axVxL  (18) 

Then  we  shall  obtain  the  design:  ;  t^,t  ),  depending  on  one  parameter  a. 

0  s  a  s  1.  Optimal  value  of  weight  a  >  a*  corresponding  to  a  minimum  of  h(^(a))  should  be 
located  by  the  golden  section  method,  too. 

•  • 

€L  Cl 

6.  Let  us  go  to  point  1  with  a  new  design:  (x^  ,x  ;  t^,t  ). 

The  authors  have  realized  this  algorithm  as  a  program  for  a  personal  computer  in  the 
TURBO-PASCAL  computer  language. 
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3.  SIMULATION 


The  input  data  of  algorithm  developed  are  the  statistical  characteristics  of  the 
system  "water-leaving  radiation  spectrum  -  chlorophyll  concentration  in  surface  waters", 
namely.  <e>.  a  .  f(\),  K(X,X')  and  q(X).  However,  statistics  of  this  system  known  to  the 
authors  from  available  literature  is  highly  insufficient.  So.  we  performed  the  statistical 
simulation  of  this  system  for  shipboard  observations. 

Spectrum  u(X)  is  given  by 

ua)  »  E(X)  (p(X)  +  pa))  A  iifA;  /  c.  (19) 

where  £(A)  is  the  spectral  density  of  solar  irradlance  on  the  sea  surface;  p(X)  and  p^(A) 

are  the  radiance  coefficients  of  water  body  and  rough  sea  surface,  respectively;  A  is  the 
receiving  aperture  (area  of  the  receiver  entrance  pupil);  2jr  is  the  receiving  angle.  it/CX) 
the  spectral  sensitivity  of  the  detector’s  photocathode,  c  the  elementary  charge.  IJii 
coefficients  p  (A)  have  been  computed  in  accordance  with  the  Cox  and  Munk  distribution  ’ 

for  various  wind  velocities  V,  azimuth  4'  and  solar  zenith  angle  6.  The  coefficients  p(A) 
were  calculated  as: 


p(A)  *  0.54lz(A)p*(A)  ♦  (1  -  z(A))p’  (A)).  (20) 

d  dll 

where  z(A)  is  the  ratio  of  direct  svmllght  to  the  total  irradlance  of  sea  surface;  p’(A) 

d 

and  p’„(A)  are  the  undersurface  radiance  coefficients  for  direct  sunlight  and  diffusive 
light  of  the  sky,  which  were  computed  by 

p’(A)  =  0.5(1  +  |i)'^  b  (A)  /  la(A)  +  b  (A)).  (21) 

d  bo 

p’  (A)  =  0.27b  (A)  /  (a(A)  +  b^(A)J.  (22) 

dlf  b  b 

where  a  and  b  are  the  total  absorption  and  backscatterlng  coefficients,  p  Is  the  cosine 

b 

of  the  sun  ray  refraction  angle. 

Values  of  z  have  been  taken  from  the  Austin  experimental  data**,  a  and  b  were 

b 

2 

defined  in  accordance  with  model  : 


aa;  =  a  a;  ♦  X  a*a>  +  c  a  a)  *  y  a*a),  (23) 

w  X  c  y 

b  a)  »  0.5  b  a)  +  0.015  b  a)  *  0.005  b  a),  (24) 

b  w  X  c 

b  a;  »  0.12  C°  “  a*f550;  /  a* a),  (25) 

c  c  c 

b  f a;  =  X  f550  /  a;.  (26) 

X 


where  a  (A)  and  b  (A)  are  the  absorption  and  scattering  coefficioits  of  pure  sea  water; 

•  s’" 

a  (A),  a  (A),  a  (A)  are  the  specific  absorption  coefficients  of  non-chlorophyllous 

X  c  y 
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particles,  chlorophyll  and  yellow  substance,  respectively;  b  and  b  are  the  scattering 

C  X 

coefficients  of  chlorophyll  and  particles;  C  is  the  chlorophyll  concentraticMi,  X  the 

concentration  of  particles  in  terms  of  scattering  coefficient  b^(S50),  and  Y  the 

concentration  of  yellow  substance  in  terms  of  absorption  coefficient  a^(440). 

The  values  of  a  (A)  and  b  (A)  have  been  taken  from  tables  ;  the  values  of  a  (A), 
a  (A),  a  (A)  from  tables*^.  The  values  of  C,  X,  Y  as  well  as  of  V,  ♦,  0,  have  been 

c  y 

simulated  by  the  pseudo  random  number  transducer. 

Computations  of  radiation  spectra  in  accordance  with  this  model  have  been  performed 
in  spectral  Interval  400-700  nm  with  a  scale  step  of  5  nm.  We  have  employed  an  array 
consistiitt  of  200  spectra  for  estimMing  st^lstlcal  characteristics  of  our  syst«n._^We 

assumed^that:  C  varies  from  10  ^  to  10  mg  m  ,  X  from  10  to  10  m  ,  and  Y  from  10  to 
1  m'*.  We  supposed  that  the  velocity  of  wind  have  Rayleij^  distribution  with  an 
expectation  of  10  m/sec;  the  zenith  angle  of  the  sun  Is  distributed  uniformly  in  a  range 
of  40**  to  60**.  The  full  number  of  the  electrons  received,  if  input^  is  completely  opoied, 
was  taken  10**.  This  corresponds,  for  example,  to  values  4  *  10  cm‘,  y  ■  4®,  t  ■  0.01  s. 
If  the  input  is  completely  closed  (only  dark-current  electrons  are  received),  then  this 
number  was  assumed  to  be  10  . 


4.PRELIMINARY  RESULTS 


The  optimal  design  has  appeared  to  consist  of  two  composite  channels,  "positive”  and 
"negative"  (jc^  and  x  ).  The  results  of  computations  are  presented  in  Table  1  and  Fig.l. 

Fig.l  shows  four  simulated  spectra  of  radiance  coefficients  and  both  the  optimal  channels 
found.  Table  1  represents  the  values  of  parameters  for  which  these  spectra  have  been 
simulated.  The  chlorophyll  concentration  has  been  retrieved  from  "measured"  signals 

and  y  according  to  Eq.(12): 


log  C  «  -  A^  ,  (27) 

where  A  »  0.03,  A  ^  1.39,  A  »  2.31,  if  the  signals  y  and  y  are  measured  in 

0  12  ♦  “ 

picocoulombs.  The  time  periods  t  of  measurements  in  two  optimal  channels  are  t^/t  >  0.39, 

t  /t  »  0.61.  The  computed  coefficients  in  EqAZ7)  correspond  to  the  device  parameters 

pointed  above  only.  In  the  common  case  one  must  use  Eq.(12)  for  the  computation  of  these 
coefficients.  For  comparison.  Table  1  Includes  also  the  estimate  C  based  on  the  "color 

index"  for  the  pair  of  wavelength  520  and  550  nm.  The  regression  coefficients  were 

computed  for  our  array  of  simulated  spectra  by  the  least  square  method.  Since  there  are 

many  spectra  corresponding  to  the  large  values  of  C  in  our  simulated  array,  this  pair  of 

wavelengths  gives  hi^er  accuracy  of  C  retrieval  than  pair  of  440  and  550  nm.  The  standard 

deviations  of  log  C  are  0.10  for  our  estimate  by  Eq.(27),  and  0.28  for  the  "color  index" 

estimate.  The  accuracy  of  the  retrieval  of  C  by  the  color  Index  might  be  too  low  because 
of  rather  exotic  values  of  concentrations  C,  X  and  Y  chosen  for  this  examples.  However, 

our  estimate  has  turned  out  to  be  satisfactory  in  this  case. 
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Table  1.  The  values  of  the  concentrations  of  chlorophyll  (C,  mg  m  ), 
sediment  (X,  m  *),  and  yellow  substance  (V,  m~‘),  and  the  estimates 
of  C  by  the  optimal  design  (6)  and  by  the  color  index  (C^) 


Curve  No. 

1 

2 

3 

4 

X 

1.0 

5.0 

0.01 

1.0 

y 

0.3 

0.3 

0.01 

0.3 

real  C 

20.0 

2.0 

2.0 

0.01 

t 

16.8 

2.3 

2.0 

0.0135 

C 

1 

44.0 

0.51 

0.44 

0.08 

5.DISCUSS10N 


We  do  not  recommend  the  above  described  design  for  practical  application  since  it 
was  computed  by  using  rather  rough  models  (In  peu'ticular,  the  fluorescence  was  not  taken 
into  account).  So,  this  design  is  to  be  considered  as  an  example  of  application  of  the 
optimal  design  theory  for  the  problem  in  question.  In  future  we  hope  to  get  experimental 
data  on  the  "water-leaving  radiance  -  chlorophyll  concentration"  system  in  a  sufficient 
amount.  Then,  the  design  calculated  in  accordance  with  the  above  described  algorithm  will 
be  optimal,  indeed.  We  are  also  going  to  compute  the  optimal  experimental  design  for 
satellite  measurements. 

We  do  not  consider  here  the  problem  of  physical  realization  of  the  optimad  design 
found.  An  ideal  device  realizing  this  design  must  sum  signals  in  several  spectral  bands 
and  besides,  switch  from  one  set  of  these  bands  ("positive")  to  the  other  ("negative") 
once  during  the  measurement  time  period. 

One  can  suggest  several  single-band  receivers  (seven  for  our  design),  one  for  each 
band  of  both  spectral  channels,  which  operate  simultaneously  during  entire  time  period  t. 
It  is  easy  to  show  that  variance  h(^)  of  estimate  0  for  such  a  set  of  receivers  will  not 
be  higher  than  for  an  ideal  one,  i.e.  this  set  of  real  devices  will  replace  the  ideal  one, 
the  coefficients  of  linear  estimate  for  0  being  only  different. 

If  our  detector  is  a  set  of  many  simultaneously  operated  detectors,  for  example, 

the  mosaic  from  photo  diodes,  when  the  entrance  pupil  of  the  receiver  is  large,  then  the 

number  of  these  detectors  must  be  divided  between  two  channels  in  ratio  t  /t  . 

♦  — 
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ABSTRACT 

In  this  study,  the  bidirectional  character  of  the  ocean  reflectance  has  been  taken  into  account  in  the  processing  of 
Coastal  Zone  Color  Scanner  (CZCS)  imagery,  taken  as  an  example.  This  effect  is  rqnesented  by  a  factor  Q,  which  relates  a 
given  upwelling  radiance  to  the  upwelling  irradiance,  and  depends  on  wavelength,  the  zenith  Sun  angle,  the  viewing  angle  of 
the  sensor,  the  azimuth  difference  between  the  vertit^  planes  of  the  Sun  and  the  satellite,  the  chlorophyll  concentration,  the 
visibility  and  the  wind  speed.  For  a  perfect  Lambertian  reflector,  this  factor  takes  the  value  of  it.  In  the  previous  processing  of 
CZCS  imagery,  the  Q  factor  was  generally  given  a  constant  value  of  4.5,  whatever  the  wavelength,  hi  this  soidy,  the  Q  factor 
has  been  calculated  for  many  cases,  using  Monte  Carlo  simulations  and  a  lookup  table  for  Q  has  been  produced  for  the 
wavelengths  corresponding  to  the  CZCS  channels.  The  Q(X)  values  computed  for  a  chlorophyll  concentration  of  0.3  mg/m^, 
(based  on  the  average  value  in  the  oceans),  are  used  for  a  first  iteration  in  the  pixel-by-pixel  processing  method  developed  for 
CZCS  data.  The  chlorophyll  concentration  obtained  at  the  issue  of  this  first  loop  is  used  to  adjust  the  Q  factor  and  the 
chknophyil  concentration  is  again  computed.  These  iterative  calculations  are  repeated  until  the  convergence  in  the  diltHophyll 
values  is  reached.  The  final  results  generally  show  higher  values  in  chlorophyll  than  those  obtained  with  Q  =  4.5,  by  20- 
80%.  In  these  preliminary  tests,  the  atmospheric  visibility  and  the  wind  sp^  were  kept  constant,  (23  km  and  5  m/s, 
respectively),  when  computing  the  Q  factor;  this  limitation  can  be  relaxed  thereafter.  These  tests  show  that  convergence  is 
rapidly  obtained  and  that  two  iterations  suffice  to  obtain  stable  values  of  chloroiAyll  concentration. 


1.  INTRODUCTION 


This  work  is  a  conoibution  to  the  development  of  future  algorithms  to  be  used  for  processing  ocean  colour  data, 
expected  from  the  new  generation  of  instruments,  such  as  SeaWil^,  POLDER,  MERIS,  (XTS,  etc.  To  better  exploit  their 
improved  radiometric  sensibility,  it  becomes  necessary  to  take  into  account  phenomena  which  have  been  n^lected  so  far 
(e.g.,  when  dealing  with  the  Coastal  Zone  Color  Scanner,  CZCS).  The  anisotropy  of  the  ocean  reflectance  is  one  of  the 
phenomena  which  have  to  be  considered.  The  bidirectional  character  of  the  bedtscmtered  radiation  by  the  upper  ocean  was 
examined  through  Monte  (Tarlo  simulations  (Morel  and  Gentili^*^);  the  results  of  this  theoretical  study  were  recmitly 
compared  to  field  dAt«  (Motel  et  al.^)  and  this  comparison  quantitatively  confirms  the  importance  of  this  anisoiiopy  effect 
The  geometrical  dimensionleu  quantity  Q  (as  sr)  relates  the  in-water  upwelling  radiance,  to  the  in-water  upwelling 
irradiance,  £«>  td  the  same  depth  (piatically  just  beneath  the  surface,  denoted  O'). 


U(0-)  = 


E.(0-) 

Q 


(la) 


If  the  ocean  were  a  perfect  Lambertian  diffuse  reflector,  the  Q  factor  would  be  exacdy  it.  If  the  anisotropic  structure  of  the 
upward  radiant  field,  as  well  as  its  dqiendence  upon  the  illumination  condition  above  the  surface  are  accounted  for,  die  above 
expression  becomes 
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L„(O-.0o.0*^<p)  = — — 

Q(0o,0*^<p) 


(lb) 


where  Oq  is  the  zenithal  Sun  angle;  G' is  the  nadir  angle  coireqxnding  to  tbe  in-waier  ladiance  directed  toward  ibe  sensor  after 
having  crossed  the  interface,  so  that 


0*  =  siii-*( 


sin0v  X 
n  ^ 


(2) 


Gy  is  the  viewing  angle  of  the  sensor  and  is  the  azimuth  difference  between  the  vertical  planes  (tf  the  Sun  and  the  satelllite 
(see  Fig.  1);  n  is  the  refractive  index  of  water.  The  anisotr(q)y  of  the  ocean  reflectance  is  convmiiently  expressed  by  the 
ladirectkmal  function  Q(Qo,Q'A^). 


Figure  1.  Schematic  geometry  and  symbols. 

In  methods  previously  developed  to  process  ocean  colour  data  (acquired  by  the  CZCS),  Q  was  given  a  constant  value  of 
4.5  (an  experimental  value,  adopted  Grom  Austin^),  regardless  of  the  wavelength.  In  the  basic  equations  giving  wam-leaving 
radiance,  as  described  ^  Gordon  and  Moiel^,  and  Gonhn  er  ot^,  the  reflectance  ratio,  defined  by 


(3) 


is  also  involved  (£</  and  ate  downward  and  iqiward  inradiances  at  null  depth).  This  ratio  can  also  be  related  to  the  inherent 
(^Nical  properties  (Rreisendorfer'O;  namely  to  a,  the  absorption  coefficient,  and  to  the  bodcscatiering  coefficient  of  the 
water  body,  through  a  functional  expression  involving  their  ratio 


R  =  f^ 
a 


(4) 
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where  /is  not  a  constant  number,  but  depends  on  the  Sun  zmiitb  angle,  Sq,  and  on  the  optical  parameters  of  the  water, 
namely  (D,  the  single-scattering  albedo  and  t),  the  ratio  of  molecular  scanering  to  total  scattering  (Morel  and  Gentili2).  hi  this 
equati^  the  Q  factor  can  be  innoduced 


Q  a  ^ 


(5) 


This  expression  is  found  when  relating  the  upwelling  water-leaving  radiance  to  the  reflectance  or  to  the  "normalized"  water¬ 
leaving  radiances  and  The /factors  are  implicitly  involved  when  discrimination  between  case  1  watms  and  turbid  case  2 
waters  (Bricaud  and  Morel^  and  more  generally  wh^  fonning  the  ratio  of  two  marine  signals,  received  at  two  wavelengths, 
to  the  extent  that/and  Q  cannot  be  considered  as  spectrally  constant 

Remotely  sensed  ocean  colour  has  nevertheless  been  successfully  processed  and  interpreted,  despite  the  ignorance  a[  the 
Q  and  /variations.  The  reason  lies  in  a  favourable  conjunction  of  their  approximately  parallel  evolutions.  As  was  pointed  out 
by  Gordon^,  the  similar  trends  of/and  Q  with  solar  elevation  result  in  an  approximate  stability  in  their  ratio.  The  question  is 
however,  more  complex,  since  the  Q  factor  cannot  be  straightforwardly  averaged  and  its  zonal  and  azimuthal  dependencies 
cannot  be  ignored. 

Morel  and  Gentilil  saw  a  need  for  including  a  variable  Q  factor  in  the  processing  of  ocean  colour  imr^ery.  The  Q 
factor,  separately  considered  is  mote  variable  than  the  f/Q  ratio.  It  depends  on  wavelength,  X,  on  Oq.  on  Ov  and  Aq>,  and  also 
on  the  visibility  attd  the  wind  speed,  and  finally  on  the  chlorophyll  concentration  to  which  the  optical  properties  of  the  water 
can  be  related  for  Case  1  waters.  The  Q  factor  has  been  calculated  using  Monte  Carlo  simulations  (Morel  and  Gentili^;  see  the 
next  section).  When  processing  ocean  colour  data  by  using  the  aimo!»hetic  pixel-by-pixel  correction  algorithm,  developed  at 
Laboratoire  de  Physique  et  Chimie  Marines  (Bricaud  and  Morel^,  and  Andrd  and  Morel  10),  the  algorithm  selects  the 
appropriate  Q  factor  in  a  look-up  table. 

In  the  following  sections,  it  will  be  briefly  described  how  and  for  which  cases  the  Q  factors  have  been  calculated.  Then 
the  way  of  changing  the  ocean  colour  processing  code  (fm'  CLCS)  to  include  the  variations  of  the  Q  factor  is  described.  The 
last  section  includes  an  interpretation  of  the  results  and  the  conclusions  of  this  preliminary  work,  together  with  some 
teconunendations  for  future  works. 


2.  MONTE  CARLO  SIMULATIONS 

The  calculation  of  the  Q  factor  is  based  on  Monte  Carlo  simulations  as  thoroughly  described  in  Morel  and  (jentilil>2 
and  in  Mobley  er  o/.l  1.  Briefly,  photons  travelling  upward  from  the  water  column  are  collected  when  they  reach  the  surface  in 
480  contiguous  submarine  detectors,  corresponding  to  20  polar  directions  (0.05  increments  in  cosO',  from  nadir  to  bOTizon) 
and  24  azimuthal  directions  (7.5°  increments  in  A9,  from  0  to  180°).  The  upwelling  irradiance  £m(0')  is  straightfrxwardly 
determined  by  integration.  Then,  using  Eq.  [lb]  with  the  values  resulting  from  the  simulations,  the  bidirectional 
Q(6o,6’,Ai^)  values  can  be  derived. 

These  simulations  have  been  performed  for  the  wavelengths,  corresponding  to  the  first  four  bands  of  the  CZCS,  in  the 
visible  part  of  the  electromagnetic  qtectrum,  443, 520, 550  and  670  tun.  The  chlorophyll  coiKentrations  amsidered  are  0.03, 
0.1,  0.3, 1.0,  3.0  and  10.0  mg/m^-  The  zenith  Sun  angles  ate  0,  20, 40,  60  and  70°,  and  the  Sun  disc  is  given  an  angular 
diameter  of  0.5°.  The  photons  are  generated  finom  the  Sun  atxl  travel  through  fifty  1  km-thick  atmospheric  layers,  with 
specifled  values  for  Rayleigh  and  anosol  scattering  and  for  ozone  absorption  as  in  Eltennan^^.  The  aerosol  phase  function  is 
that  of  a  maritime  aerosol.  The  visibility  is  23  km.  A  wind-roughen^  interface  is  modeled  using  the  Cox  and  Muttk^^ 
surface  slope  distribution  for  a  wind  speed  of  5  m/s. 


3.  RESULTS  AND  DISCUSSION 

To  assess  in  a  pratical  way  the  impact  of  the  (2  variations,  three  CZCS  images  from  the  Mediterranean  Sea  have  been 
studied.  The  first  one  was  acquired  December  7, 1979,  i.e.,  near  the  winter  solstice  in  order  to  examine  a  sihiation  with  a  low 
solar  elevation  (Oq  was  on  average  60°  over  this  scene);  tte  second  one  (June  24, 1980)  is  close  the  summer  solstice  and 
Oo  is  on  average  20°.  In  both  these  images,  the  chloro|diyll  concentrations  were  rather  low.  Therefore  another  scene  with 
higher  pigment  concentration  in  blooming  omditions  (May  6,  1981;  Oo  *  30°)  has  also  been  selected.  For  the  sake  of 
ctmiparison,  these  three  scenes  have  also  been  processed  according  to  the  "normal"  procedure  with  a  constant  Q  factor  (»  4.5 
for  ail  channels). 
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Fig.  2  provides  an  exanqiie  of  the  Q  values  used  for  the  last  loop  in  die  iientive  procedure  and  dependiBt  on  the 
geometrical  conditiaos  and  chlorophyil  content  for  each  irixel  of  a  given  scene  (May  6, 1981).  The  mnhberofpixds  to  which 
a  given  Q  value  applies  is  plotted  vs.  Q. 

-  CZCS .  060S8I  - 


Q(443nm) 


Q  (550  tun) 


Q(670nm) 


The  calculatkNis  of  (2  are  veiy  thne-demanding.  so  it  has  been  chosen  to  produce  and  use  a  look-ig>  table.  The  varying 
Q  factor  has  been  introduced  in  the  algorithm  of  atmospheric  conectkm  develop  for  CZCS  by  Aricaud  and  Morel*  and  by 
Andr6  and  Morel^*;  the  modified  algorithm  accounting  for  the  variadons,  through  an  iiendve  scheme,  is  as  IbOows. 
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bi  (he  fint  8iq>  of  the  itetative  scbeme,  tbe  Q  factor  is  only  varyteg  with  the  wavdeagih  sod  not  with  geomeny.  Ihe 
Q  values  for  each  wavelength  aie  those  cociespondiag  to  a  chlor^yU  conoeaiiation  of  0.3  mgAn^,  when  Oq  *  30*,  Oy  ■  0* 
and  A4  «  133*  (note  that  other  choices  are  equally  possiMe).  The  results  are  (2(443) «  3.47,  (2(520) «  3.48,  (KSSO) «  3.51 
wd  0(670) -3.59. 

The  processing,  initialized  with  this  set  of  (2(X)  values,  produce  chlorophyll  concentrations  varying  throughout  the 
scene.  In  the  second  step  of  the  iterative  process,  th^  cornput^  concentrations  are  used  to  select  in  ^  lode  up  taUe  the 
iqqxtvriaiB  Q  values,  now  depending  on  the  geometry  (see  Fig.  2).  A  new  set  of  chlorophyll  values  is  obtained  and  these 
itnadons  are  done  until  a  convergence  is  reached  in  terms  of  ddorophyll  conceniiatioiL 


log(Chl) 


figure  3.  Histogram  of  the  chlorophyll  conoeniratioiis  of  a  CZCIS  scene,  December  7,  1979.  Tbe  dotted  curve  indicates 
processing  of  an  image  with  a  constant  Q  factor  (-  4.5),  the  dashed  curve  presents  the  results  at  tbe  first  step  with  a  set  of 
constant  (2(X)  values  corresponding  to  a  chlorophyll  coocentrmioo  -  OJ  mg/m^,  Oy  -  0*.  Op  -  30*,  and  - 135*.  The  solid 
curve  represents  tbe  results  after  two  iteradotis. 


Tbe  convergence  is  considered  as  achieved  when  90%  of  tbe  pixels  in  a  scanline  are  within  ±4%  of  the  previous 
calculated  chlorophyll  values.  When  using  the  ratio  of  CZCS  channels  land  3,  the  convergence  actually  is  obtained  after  two 
iterations.  This  was  also  tbe  case  when  using  the  ratio  of  channels  2  and  3,  but  not  necessarily  whmi  combining  the  two 
ratios,  as  described  later,  and  the  results  of  the  three  studied  scenes  are  shown  in  Figs.  3  -  5.  The  convergence  can  be  seen  in 
Frg.  6. 

The  results  of  the  iterative  method  show  clearly  a  shift  towanb  higher  chkxopbyn  concentrations,  in  aD  three  cases, 
excqit  whmi  the  conemrtrations  are  very  high  (over  5  mgfn^,  as  in  the  scene  of  May  ^  1981).  However,  at  this  end  at  the 
scale,  the  results  are  questionable  anyway.  As  Morel  and  Gentili^  menthmed,  reservatioos  have  to  be  made  about  tbe  validity 
of  tbe  (2  values,  because  of  the  adoption  of  a  unique  vtdume  scattering  ftmetioo  (VSF)  for  suspended  pmkles,  leading  to  a 
unkpie  value  for  tbe  bacicseattering  probability  for  these  particules.  Secondly,  when  dealing  with  relatively  high  ddorophyll 
concentrations,  the  ratio  ttf  channels  2/3  (Ri570)/Ri550))  should  be  used,  as  stated  by  Gordon  and  Morel^.  This  will  be  done 
later. 

It  is  clear  that  the  iteraiioos  with  varying  Q  factor  in  the  processing  of  saielliie  images  are  time-demanding.  The 
processing  dme  is  doubled,  or  even  tripled,  and  that  is  the  reason  for  examining  the  resubs  obtained  after  the  first  loop  using 
only  constant  (2^)  values.  In  all  three  cases,  tbe  results  at  the  issue  of  the  first  loop  are  markedly  differing  from  those 
obtained  with  (2  -  4.5  at  dl  X  and  are  not  for  from  the  final  ones.  This  is  paidculariy  clear  in  the  scene  from  May  6, 1981 
(Rg.  5);  tbe  reason  may  lie  in  a  favounUy  chosen  cblotrophyU  concentration  (0.3  mgfoi^)  as  input  when  selecting  tbe  initial 
(2(X)  values.  The  histogram  of  the  ddorophyll  content  for  this  scene  is  ptedsdy  concentrated  around  this  value. 
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Figure  4.  As  Fig.  3,  but  for  the  C2CS  scene  of  June  24, 1980. 
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Hguie  6.  Coovergenoe  in  (be  dilaropbyil  ooncentniioos.  Tbe  dashed  histognm  indicaies  the  lesolis  after  two  iieniioiis  and 
the  solid  one  representt  the  results  ate  the  third  one.  These  are  the  results  fiom  May  6,  IMl,  cakulated  using  only  the  ratio 
1/3. 


log(Chl) 

Figine  7.  Histogim  of  the  ddoraphyO  concentratiOBS  ftom  dw  CZCS  aoeae  of  Muy  6. 1981.  Ihe  dashed  carve  is  the 
caicBlatinnusfaigOBlytheraiioofCZCSchaaneislsnd3(dwaoUdecaiveiBHt.5).'tesoiidcaniete|neseBaterewdts. 
when  convergence  is  reached,  for  the  chloiophyU  coocentratioo  calcHlated  with  the  ratio  1/3  tor  pixds  with  values  less  than  or 
equal  lo  3  mg/B^  and  2/3  fiv  values  higher  than  3  mg/hP. 
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For  the  two  other  scenes  with  low  chlorophyll,  the  results  after  the  first  conq>utatioo  are  iqiproxiinately  at  midway 
between  the  results  with  Q  a  4.S  and  those  at  tte  end  of  the  iterative  process.  It  can  be  concluded  that  the  iterations  are 
necessary.  Obviously,  if  the  constant  Q(k)  values,  adopted  in  the  first  step,  were  more  "adapted”  to  the  chlorophyll 
concentration  within  tbc  scene,  the  results  would  have  bera  more  acc^Mable  without  iteration  (for  instance,  by  selecting  as 
input  the  Q(k}  values  for  Chi  =  O.OS  mg/m^,  the  results  for  the  June  24  scene  without  iteration  are  better  than  those  shown 
in  Rg.  4). 

With  respect  to  the  standard  method  making  use  of  (2  »  4.5  for  all  wavelengths,  the  iterative  method  leads  to 
chlorophyll  values  increased  by  a  factor  of  about  1.8  when  Chi  <  0.0S  this  factor  progressively  i^iproaches  1  to 

chlorophyll  concentration  exceeding  1  mg/m^.  Therefore,  for  most  oceanic  waters  with  rather  low  chlorophyll  concentration, 
the  effea  is  considerable  and  cannot  be  ignored. 

Anotho*  study  was  made  to  examine  bow  the  iterative  process  cmi  cope  with  the  blue-green-to-green  ratio  to  be  used  in 
alternance  with  the  blue-to-greoi  ratio  when  the  chlorophyll  ctmcentrations  exceed  1-2  mghn^  (Andrd  and  Morel^^.  Note 
that  this  need  is  typical  of  the  CZCS  instrument  and  likely  will  be  less  crucial  for  future  smisors.  hi  this  study  the  hinge 
point  for  switching  from  1/3  to  2/3  algoritm  was  set  to  3  mgAn^.  The  algorithm  is  initialized  with  the  Q(X)  values  for  a 
chlorophyll  content  of  0.3  mg/m^,  using  only  the  1/3  ratio.  In  the  next  iteration,  the  algorithm  makes  use,  on  a  pixel-by¬ 
pixel  basis,  of  the  1/3  or  2/3  ratio,  depending  on  the  concentratitm.  This  iteration  is  rqieated  until  a  convergence  is  reached. 
In  this  approach,  more  iterations  are  required  before  convergence  than  in  the  previous  approach,  particularly,  in  the  vicinity  of 
the  threshold.  In  the  scene  from  May  6, 1981,  the  convergence  was.  however,  reached  after  two  iterations.  The  differences 
between  the  two  histograms,  shown  in  Rg.  7,  are  not  well  explained  and  this  switching  procedure  combined  with  the  Q- 
iteradve  process  requires  future  work. 


4.  CONCLUSION 

The  impact  of  the  bidirectional  effects  of  marine  reflectance  on  the  processing  of  ocean  colour  data  has  been  examined 
and  three  CZCS  scenes  of  the  Mediterranean  Sea  have  been  studied.  The  first  two  scenes  re|wesent  low  chlorophyll 
concentrations,  contrary  to  the  third  one.  In  every  case,  three  different  algorithms  have  been  used  to  process  the  images,  the 
first  one  with  a  constant  Q  =  4.5,  the  second  one  with  a  Q  factor  varying  only  with  wavelength,  and  the  third  one  with  a  Q 
frctor  depending  on  the  three  angles  involved,  on  the  wavelength  and  iteratively  on  the  chtoophyll  concentration. 

The  results  show  that  a  Q  factor  of  4.5  is  clearly  overestimated,  resulting  in  too  low  chlotq>byll  concentrations.  This 
is  no  longer  the  case  when  the  concentration  is  higher  than  5  mg/va?,  when  the  4.5  constant  value  is  not  far  from  the  actual 
values. 

Using  Q  factors  (only  dependent  on  the  wavelength  and  the  cfalon^yll  concentration)  is  sometimes  a  reasonably  good 
first  approximation.  This  procedure  does  not  add  extra  time  in  the  processing  of  CZCS  images,  as  does  the  iterative 
procedure.  It  requires,  however,  that  an  a  priori  knowledge  of  the  chlorophyll  concentration  within  the  scene  to  be  processed 
already  exists  and  also  that  this  concentration  is  not  too  much  varying  thiwghout  the  scene.  The  adoption  of  an  average  solar 
angle  for  the  whole  image  is  also  needed. 

The  iterative  procedure  is  effcient  as  apparently,  an  acceptable  convergence  is  quiddy  reached;  the  conqMitational  time, 
however,  is  at  least  doubled. 

It  must  be  noted  that  the  fmal  increase  in  the  chlorophyll  concentration,  as  found  when  reprocessing  the  CZCS  scenes 
is  a  general  trend.  Tliis  trend  will  bold  true  to  any  sensor  as  it  originates  from  the  qwctially  dependent  Q  values  in  the 
visible  part  of  the  spectrum.  The  amplitude  of  the  shift  in  chlorophyll  as  found  here  (up  to  80%),  boweva,  cannot  be 
generalized  because  it  depends  (and  this  dependency  is  typical  of  the  CZCS)  on  the  way  of  pardoning  the  signal  received  at 
670  nm  between  the  aerosol  and  marine  contributions;  tirerefore  the  Q  factor  at  670  nm  is  alw  involved  in  the  iterations.  For 
the  next  generation  of  ocean  colour  sensors,  it  is  envisaged  that  the  estimate  of  the  aerosol  contribution  will  be  based  on 
independant  information  (within  near-infrared),  so  that  the  coupling  between  the  atmospheric  correction  and  the  retrieval  of  the 
marine  signal  will  disappear.  According  to  preliminary  studies  (not  reported  here),  a  shift  towards  higher  chlorophyll 
concentrations  of  about  30  -  40%  is  still  to  be  expected  (when  Chi  <  0.5  mghn^)  from  the  due  consideratitm  trf  the  Q  effect 

All  effects  have  not  been  accounted  for;  Q,  in  principle,  is  also  weakly  dependoit  on  the  diffuseness  of  the 
illumination  conditions  (the  ratio  of  the  diffuse  sl^  radiatkm  to  the  direa  solar  radiation)  and  on  die  sea  state.  Hie  Q  ftuto 
could  be  assessed  and  us(m1  more  accurately,  taking  into  consideration  the  visibility  and  the  wind  speed  as  additional  variables. 
The  visibility  can  be  derived  from  the  atmospheric  correction  itself,  whereas  the  wind  speed  requires  external  information. 
Further  studies  about  the  importance  of  these  parameters  are  still  necessary,  particularly  for  a  meaningful  use  of  the  future 
daUL 
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ABSTRACT 

The  iiiq)ending  launch  of  a  number  of  remote  sensing  platforms  such  as  the  NASA  SeaWiFS  (Sea-viewing  Wide  Field-of- 
view  Sensor)  has  generated  renewed  interest  in  instrumentation  for  measuring  ocean  color  in  situ.  The  increased  number 
of  spectral  bands  desired  and  the  large  dynamic  range  of  the  measurements  place  special  challenges  on  the  design  of  these 
instruments.  Of  particular  interest  in  measurements  of  spectral  irradiance  and  in  the  calculation  of  irradiance  reflectance 
are  errors  introduced  by  the  departure  of  the  instrument  response  from  a  true  cosine  at  increasing  angles  of  incident  ina- 
diance.  Using  field  data  as  well  as  a  modelled  radiance  distribution,  this  paper  presents  an  evaluation  of  a  commercial 
cosine  collector  for  measurements  of  q)ectral  irradiance.  Preliminary  results  ^m  a  new  program  sanq)ling  the  variability 
in  immersion  coefficient  are  also  presented. 

1.  INTRODUCTION 

The  impending  launch  of  a  number  of  remote  sensing  platforms  such  as  the  NASA  SeaWiFS  (Sea-viewing  Wide  Field-of- 
view  Sensor)  has  generated  renewed  interest  in  instrumentation  for  measuring  ocean  color  in  situ.  Both  the  increased 
number  of  spectral  bands  desired  and  the  large  dynamic  range  of  the  measurements  place  special  challenges  on  the  design 
of  these  instruments.  In  order  to  accurately  quantify  light  under  a  wide  variety  of  conditions,  vector  irradiance  has  been 
measured  using  instnunents  whose  responses  follow  the  cosine  law  of  illumination.  The  cosine  law  is  most  easily  illus¬ 
trated  with  a  collimated  beam  projected  onto  a  flat  surface.  In  the  ideal  case,  the  irradiance,  E,  on  that  surface  will  be 
given  by  equation  l'*^: 


E  =  EoCOSQ  (1) 

where  0  is  the  angle  of  incidence  and  E,  is  the  irradiance  on  the  sur&ce  for  6^.  A  collector  constructed  such  that  its 
response  is  proportional  to  the  cosine  of  the  angle  of  incidence  is  known  as  a  “cosine  corrected  collector.”  Of  particular 
interest  in  measurements  of  spectral  irradiance  and  in  the  calculation  of  irradiance  reflectance  are  errors  introdu^  by  the 
departure  of  the  instrument  response  from  a  true,  cosine  at  increasing  angles  of  incident  irradiance. 


Clear  Acrylic  Base 


Occluding 


Ring 


Diode 

Holder 


Diffusing 

Acrylic 

Matrix 


Figure  1.  Modified  ^slab  cosine  collector  design  com¬ 
monly  employed  on  the  Bio^herical  Multiwavelength 
Environmental  Radiometer  (MER)  series  q)ectroradiome- 
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The  theoretical  ideal  cosine  collector  is  an  aperture  which  collects  all  transversing  photons.  To  work  in  the  ocean,  difiiis- 
ers  are  often  used  to  approximate  this  ideal  collector.  At  large  zenith  angles  (la^  angles  of  iiundence  relath/e  to  the 
normal  of  the  plate),  reflection  of  light  off  even  the  best  diffusing  materials  causes  a  significant  decrease  in  the  flux 
reaching  the  photodetector.  A  wide  variety  of  submersft)le  cosine  collector  designs  have  been  used,  including  flat  plate', 
raised  plate^  and  variously  curved  collectors.  Largely  because  of  their  ease  of  manufacture,  the  plate-type  collector  (Figure 
1)  is  one  of  the  most  commonly  found  in  submersible  spectroradiometers.  The  cosine  re^nse  of  the  pc^ar  raised  plate 
design  patterned  after  the  Scripps  Spectroradiometer  and  tested  the  Visibility  Laboratory  (Vislab),  S^'pps  Institution 
of  Oceanography  is  document^^.  The  anticipated  launch  and  validation  of  satdiites  for  monitoring  ocean  color  has  in¬ 
creased  awareness  by  the  ocean  optics  community  on  the  impact  of  cosine  collector  design^.  A  number  of  &ctors  may 
contribute  to  departures  ftx>m  a  true  cosine  response.  These  include  transmission  characteristics  of  the  diffusing  material 
at  different  wavelengths,  reflection  off  the  surface  at  differing  angles  of  incidence,  and  asymmetric  placement  of  detectors 
when  multiple  diodes  view  a  common  collector. 

Determination  of  the  absolute  radiometric  calibration  of  a  radiometer  such  as  the  PRR-600  is  typically  conducted  plac¬ 
ing  the  device  in  front  of  a  Standard  of  Spectral  Irradiance  (Qpically  a  1000  watt  type  FEL  lamp)  un^r  conditions  qteci- 
fled  by  the  National  Institute  of  Standard  and  Technology.  The  output  voltage  may  be  relat^  to  irradiance  through  a 
nominal  calibration  constant,  C(|; 


(2) 


where  V„  is  the  output  voltage  caused  by  the  calibration  irradiance,  E|(X,j),  at  the  nominal  center  wavelength  of  the  de¬ 
vice,  An  unknown  irradiance  may  be  determined  by  rearrangement  of  Equation  2  and  the  voltage  output  during  the 
measurement.  It  has  been  shown^^’^'^  that  changes  in  the  index  of  refraction  of  the  surrounding  media  (e.g.  submerging 
the  instrument)  causes  a  change  in  calibration,  known  as  the  “immersion  effect.”  In  addition  to  determining  the  required 
immersion  coefficient  of  a  given  design,  the  range  of  unit-to^t  variation  in  the  immersion  coefficient  should  be  estab¬ 
lished  to  determine  if  individual  instruments  must  by  chmacterized  routinely  in  the  calibration  process. 

2.  METHODS 


Figure  2.  Profiling  Reflectance  Radiometer. 


The  PRR-600  (Figure  2)  is  a  small  (10  cm  diameter  40  cm 
long),  battery  powered  multiwavelength  spectroradiometer  de¬ 
signed  primarity  for  SeaWiFS  ocean  color  research.  Using  two 
analog  to  digiud  converters  and  two  independent  microproces¬ 
sors,  tlw  instrument  ^chronously  measures  seven  channels  of 
downwelling  irradiance,  Ed(M,  seven  chaimels  of  upwelling  radi¬ 
ance,  Lu(X),  and  a  number  of  additional  variables  including  pres¬ 
sure,  water  temperature,  and  two  axis  platform  orientation. 
Wavelengths  for  the  PRR  typically  follow  the  SeaWiFS  recom¬ 
mendations  at  412,  443,  4M,  SIO,  5SS,  665,  attd  683  nm.  The 
q)eciflc  PRR-600  used  in  this  analysis  was  fitted  with  a  560  nm 
rather  than  a  555  nm  detector.  The  PRR-610  sur&ce  reference 
may  be  fitted  with  a  detector  in  the  near  inftared  at  780  nm. 

The  cosine  collector  for  the  PRR-600  (Figure  .3)  was  qiecifically 
designed  to  try  to  meet  the  specifications  of  the  SeaWiFS  Ocean 
Optics  Protocols’  in  an  economical  and  robust  design.  The  irra¬ 
diance  diffuser  consists  of  a  raised  trapezoidal  quartz  or  acrylic 
piece  covered  with  a  thin  sheet  of  vacuum-formed  Teflon*  which 
acts  as  a  diffuser.  Photodiodes  are  arranged  in  a  circular  array  at 
the  base  of  the  assembly,  such  that  all  view  the  same  area  of  the 
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bottom  of  the  difiuser.  As  with  all  difiusers,  the  upper  Teflon  surface  reflects  light  at  large  angles  of  incidence,  signifi¬ 
cantly  underreporting  the  flux.  To  mitigate  this  problem,  the  sicks  of  the  tnq)ezoid  were  raised  to  provide  a  surfiice  with  a 
redu^  angle  of  incidence,  therd^  increasing  the  response  from  larger  zenith  angles.  A  cosine  collector  should  not 
transmit  light  fiom  angles  greater  than  90°;  an  outer  rim  raised  to  the  level  of  the  top  of  the  difiuser  acts  as  an  occluding 
ring.  In  the  optimization  process,  the  dimensions  of  the  trapezoid,  difiuser  retainer,  and  occluding  rings  were  varied  sys¬ 
tematically  to  achieve  better  cosine  response  over  the  spectrum. 
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Figures.  Cosine  collector  for  PRR-600. 

To  test  its  cosine  response,  the  PRR-600  was  placed  on  a  automated  rotating  arm  in  a  water-tight  test  tank  equi^ied  with 
nonreflecting  sides  G'iguie  4).  A  collimated  beam  was  positioned  to  fill  the  collector  at  the  precise  center  of  rotation  of 
the  assembly.  Under  computer  control,  the  instrument  is  rotated  in  5°  increments  from  +90°  to  -90°  ‘'zenith”  angle  and 
the  response  fiom  each  clumnel  was  recorded  relative  to  the  source.  In  order  to  test  for  geometric  asymmetries  in  the  re¬ 
sponse  due  to  the  arrangement  of  the  photodiodes,  the  instrument  was  turned  axialfy  at  10°  increments  and  the  cosine  re¬ 
sponse  retested. 


Figure  4.  Computer  controlled  test  apparatus  and  tank  for  measuring  cosine  reqwnse  of  PRR-600. 
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The  immersion  coefficient  was  detennined  experimentally  from  irradiance  measurements  made  in  air  and  under  water 
(Figure  5).  The  instrument  was  carefully  positioned  in  tte  test  tank  beneath  a  calibration  lanq>  fixture.  Readings  were 
recorded  in  air  and  at  S  cm  depth  increments  both  during  filling  and  enqrtying  the  tank. 
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Figure  5.  Immersion  coefficient  test  tank. 

A  complete  discussion  of  the  theory  behind  the  immersion  coefficient  is  b^nd  the  scope  of  this  paper.  However,  hhieUer 
and  Austin^  provide  an  excellent  overview  of  computation  of  the  immersion  coefficient,  as  derived  in  Petzold  and  Austin^. 
In  brief,  the  flux  from  the  calibration  source  ate  attenuated  both  I7  losses  due  to  the  air-water  intetfiKe  as  well  as  the 
water  when  submerged.  Further,  it  also  is  necessary  to  account  for  the  change  in  the  solid  angle  of  the  flux  caused  by  the 
air-water  interfoce.  Following  Mueller  and  Austin^  Data  from  the  test  tank  ate  used  to  measure  the  attenuation  coeffi¬ 
cient  for  the  water  used  in  the  test  and  to  solve  for  the  immersion  coefficient  at  each  wavelength. 

3.  RESULTS 

Results  of  cosine  testing  may  be  presented  in  a  number  of  ways.  Figure  6  shows  one  ^ical  cositK  plot  for  the  PRR-600 
and  a  collimated  beam.  A  less  marketable  but  perhaps  mote  useful  analysis  in  evaluating  collector  design  examines  the 
percent  difference  between  a  true  cosine  function  and  the  actual  response  of  the  instrument  Q^igure  7)  at  different  wave¬ 
lengths.  This  example  tends  to  enq>hasize  deviations  at  higher  zenith  angles  because  the  surfoce  reflectance  and  Tdlon 
transmittance  are  increasing,  while  the  signal  to  noise  ratio  is  decreasing.  Both  analyses  irxlicate  that  the  final  ffiR-dOO 
design  exhibits  good  cosine  response  in  the  range  +65”  to  -65”,  with  increasing  deviation  from  true  cositK  in  the  red.  In 
the  region  from  412  to  560  run,  the  bias  is  within  ±3%  over  the  range  -t-7(F  to  -70^  Knith  angle  and  within  ±10^  beyond 
that  range.  In  the  red  (683  tun),  the  response  typicalfy  underestimates  the  flux  of  a  collimated  beam  within  -10%  over  the 
range  +70“  to  -70“. 
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Zenith  Angie 

Figure  6.  l^pical  results  from  cosine  collector  test  of  PRR-600  in  water  normalized  to  the  leqxmse  at  6*0°. 

In  order  to  detect  potential  asymmetries  resulting  fiom  the  position  oi  the  individual  detectors,  the  PRR  is  turned  on  its 
axis  at  10“  intervals  and  the  cosine  response  recorded.  The  result  is  a  matrix  responses  to  a  cniiimafiiH  coveriqg 
±90“  in  zenith  angle  and  ±90“  in  axial  rotation  (azimuth)  fiar  each  q)ectial  diannel.  Figure  7  shows  a  plot  of  per¬ 
cent  deviation  fiom  cosine  response  at  443  nm  for  the  PRR-600  in  water.  Althou^  there  is  some  evidence  of  aqrmmetiy. 
the  impact  of  this  aqmuneliy  is  not  significant  on  the  measurement  at  any  wavelength.  ’ 


Zenith  Angle 


Figure?.  Typical  percent  difference  from  ideal  cosine  flmctioo  for  PRR-dOO  in  water 
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Figure  8.  Percentage  deviation  from  true  cosine  for  a  collimated  beam  for  the  PRR-600  at  443  nm  in  water. 

For  contrast,  the  PRR-600  collector  was  analyzed  identically,  but  without  submersing  the  instrument  Figure  9  di^lays 
the  results  for  443  run  in  air.  As  in  Figure  8,  the  collector  continues  to  show  a  moderate  asynunetric  reqronse  resulting 
from  photodiode  placement,  but  the  irradiance  refuse  is  consistently  in  the  range  0%  to  +10%  from  -60°  to  +60°  zenith 
angles. 
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Figure  9.  Percentage  deviation  from  true  cosiiie  for  a  collimated  beam  for  the  PRR-600  at  443  nm  in  air. 
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The  above  anatysis  tends  to  emphasize  systematic  biases  in  the  measuranent  of  inadianoe  caused  by  dqxurture  fiom  a  true 
cosine  response  because  the  analysis  was  performed  with  a  collimated  beam.  In  actual  practice,  downwdling  irradiaiioe 
measurements  are  made  in  a  light  field  that  is  not  collimated.  The  angles  of  incidence  are  mne  generally  near  normal  to 
the  plane  of  the  collector,  and  biases  due  to  cosine  errors  are  small.  To  determine  the  inqtact  cosine  errors  in  the  fidd, 
the  measured  biases  are  weighted  by  the  cosine  of  the  radiance  distribution.  Integrating  over  all  zenith  (6)  and  azimuthal 
(^)  angles,  the  net  percent  bias  in  the  geometric  cosine  respmise  for  any  irradiance  light  field  E(6,4,X)  may  be  calculated 
for  each  wavelength: 


%/2 

%blas(X)=-^f  \lR„{Q,^.xycos{Q)]E{B,^,k)dQd^  (3) 

0  0 

R„(6,^,A.)  is  the  normalized  re^nse  of  the  detector  to  the  lanq),  is  the  reqwnse  with  the  source  positioned  nmmal 

to  the  plaite  of  the  collector,  and  Rm  is  the  response  in  the  dark: 


R{Q,^,X)-Rdafk{X) 
Rmax(X)  -  Rdari({X) 


(4) 


Table  1  diows  the  results  of  such  an  analysis  for  the  PRR-600  applied  in  both  a  light  field  with  a  modelled,  uniform  radi¬ 
ance  distribution  and  in  a  light  field  off  ^  Diego,  California  at  25  m  as  measured  by  an  electro-optic  radiance  distribu¬ 
tion  camera  system  (RADS  data  provided  courtesy  of  K.  Vos^.  The  uniform  radiance  distribution  is  equivalent  to  a  to¬ 
tally  diffuse  light  field,  which  represents  the  ‘^rst-case”  systematic  bias  that  the  collector  design  would  q>ply  to  the 
measurement 


Table  1. 


hteKtated  cosine  bias  for  PRR-600  irradiany  collector  in  modelled  unifom  and  RADS  measured  light  fidds. 


412  nm 

443  nm 

490  nm 

510  nm 

560  nm 

683  nm 

1  Uniform 

1.3% 

0.8% 

0.3% 

0.3% 

•0.4% 

-3.7% 

1  Marine 

0.5% 

0.4% 

0.2% 

0.2% 

-0.2% 

-2.1% 

Although  a  systematic  analysis  ci  variability  in  immersion  coefiBdent  for  different  classes  o(  qrectroradiometers  is  still 
underway.  Table  2  presents  results  firom  tes^  of  two  PRR-600’s  produced  fiom  the  same  lot  in  early  1993  and  oat  pro¬ 
duced  a  year  later.  Although  the  sample  size  is  small,  the  range  ot  instrument-to-instrument  variability  in  immersion 
coefficients  over  all  wavelengths  is  low:  ±2%  (Table  3). 


Table  2.  Immersion  coefiBcients  for  three  PRR-600  irradiance  coUectois. 


Serial 

Number 

412  nm 

443  nm 

490  nm 

510  nm 

555  nm 

683  nm 

9604 

0.694 

0.700 

0.704 

0.706 

0.710 

0.735 

9605 

0.677 

0.695 

0.694 

0.698 

0.706 

0.730 

9617 

0.678 

0.677 

0.693 

0.693 

0.703 

— 

Mean 

0.683 

0.691 

0.697 

0.699 

0.706 

0.733 

Table  3.  Variation  in  immersion  coefficients  for  PRR-600  irradiance  collectors. 


% 

Variation 

412  nm 

443  nm 

490  nm 

510  nm 

555  nm 

683  nm 

9604 

1.6% 

1.4% 

1.0% 

1.0% 

0.5% 

0.3% 

9605 

-0.9% 

0.6% 

-0.4% 

-0.1% 

0.0% 

-0.3% 

9617 

-0.7% 

-2.0% 

-0.6% 

-0.9% 

-.05% 

— 

Mean 

1.07% 

1J2% 

0.67% 

0.67% 

0J5% 

0J4% 
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4.  SUMMARY 


Although  cosine  collector  testing  is  easily  automated,  our  ejqierience  suggests  that  cosine  collector  is  not.  The 
evolution  of  the  PRR-600  underwater  collector  involved  optimizing  a  large  number  of  design  varuddes  with  occasicmally 
confounding  re^ts.  Testing  has  shown  repeatedly  that  a  collector  optimized  for  use  underwater  is  not  q)propriate  foi 
SeaWiFS  in  air.  An  added  problem  for  commercial  instruments  are  the  requirements  fm’  eocmomic  manufii^iring.  rqno- 
ducibility,  and  stability  over  time.  Our  results  indicate  that  good  adherence  to  the  cosiite  law  can  be  achieved  in  a  rcAwst 
design  that  can  be  conunercially  made.  Finally,  as  instrumeirts  are  returned  to  Bioqrheiical  for  calibration,  the  database 
covering  variability  in  inunersion  coefficients  will  increase,  and  we  will  be  able  to  more  carefully  evaluate  if  this  addi¬ 
tional  calibration  procedure  should  be  performed  on  individual  nuuine  radiometers  routinely. 
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Inverse  modeling  for  retrieval  of  ocean  color  paranMters 
in  case  II  coastal  waters 
-  An  analysis  of  the  minimum  error  • 

Roland  Doerffer  &  Helmut  Schiller 

GKSS  Forschungszentrum 
21502  Geesthacht.  F.R.  Germany 


In  tmbkl  wains  of  coastal  zones  (Case  n  water)  the  retrieval  of  the  concentiation  of  chlorophyll  finom  remold  sensed  spectral 
radiances  becomes  difficuh  because  of  the  influnce  of  gelbsttrff  and  siiq|)ended  matter  on  the  radiance  spectrum.  For  the  Coastal 
Zone  Coin  Scanner  (CZCS)  an  inverse  modeling  method  was  develo|^  to  derive  the  concentrations  of  gdbstcMR,  suspended 
matter  and  chlorophyll  and  the  aerosol  padi  radiance.  The  minimum  error  we  have  to  expea  for  this  system  is  analyzed  by 
modeling  the  concentiation  change  which  is  necessary  to  cause  a  change  in  the  radiance  coneqxmding  to  1  digital  cooiL  The 
determination  of  the  minimum  error  in  the  retrieval  procedure  is  based  on  the  evaluation  ot  the  Hesse  Matrix  of  the  dii  square 
function.  It  turns  out  that  for  case  11  water  the  channel  most  sensitive  to  changes  to  all  three  groups  of  water  constituents  is 
CZCS  4  at  670  nm.  The  retrieval  of  the  concentration  is  most  difficult  for  chlorophyll,  while  the  error  for  suspended  matter 
and  gelbstoff  and  for  die  aerosol  path  radiance  is  much  smaller. 

1.  Introduction 

The  retrieval  of  chlorophyll  concentrations  from  CZCS  radiances,  but  also  other  sensora,  in  so  called  Case  II  waters  causes 
problems,  since  other  substances  such  as  other  suqiended  particles  (mineralic  and  organic  detrituts)  and  dissolved  oignic 
matter  (which  is  summarized  as  gelbstofQ  influences  also  the  spectral  composition  of  the  qiward  directed  radiances.  It  has 
been  demonstrated  that  the  inverse  modeling  technique  can  be  u^  to  separate  the  influence  ^  different  groiqB  of  substances 
on  the  radiance  spectra  and  to  calculate  their  concentrations.  For  radiant  measured  from  a  ship  or  aircraft  this  method  was 
firstly  used  by  Jain  A  Miller^  and  by  Fischer^.  Fdr  the  retrieval  of  substances  from  CZCS  data  a  further  problem  is 
atiMKpheric  correction  over  turbid  waters,  since  the  channel  CZCS  4  (670  nm)  which  is  used  for  determining  the  aerosol  path 
radiance  over  clear  oceanic  waters^  is  also  effected  by  suspended  matter  in  turbid  coastal  waters.  Fischer  A  Doerffer^  and 
Doerfier  &  Fischer^,  Doerffer  a  al.^  have  shown  that  it  is  possible  to  derive  4  parameters  ftom  CZCS  images  of  the  North 
Sea:  suspended  matter,  gelbstoff,  chlorophyll  and  aerosol  pttth  radWice.  Comparison  between  statistical  panroeters  such  as 
mean,  standard  deviation  and  frequency  di^bution  values  of  ship  and  CZCS  data  show  a  good  agreement  whh  a  deviation 
which  is  less  than  the  typical  error  of  water  samples.  One  example  of  CZCS  evaluation  by  inverse  modding  is  given  in  F%. 
1.  It  shows  the  distribution  of  gelbstoff  in  in  the  North  Sea  (German  Bight)  caused  by  die  river  Elbe  phune. 

A  particular  problem  in  case  11  water  is  the  determination  of  the  orrors  which  occur  in  the  analysis.  In  general  one  can 
imagine  a  hi^  number  of  variables  which  are  not  described  by  the  model  in  a  proper  way  for  a  particular  pixel,  such  as  the 
unknown  vertical  distribution,  deviation  of  die  optical  properties  of  die  substances  and  the  aerosol  considered  ftom  those  used 
in  the  model,  otha  substances,  such  as  different  phytoplankton  populations  wich  are  not  considered  in  the  model  etc.  Despite 
these  unknown  sources  of  errors,  which  of  course  cause  problems  for  any  algorithm,  one  can  also  look  for  the  minimum  error 
one  has  to  face.  The  minimum  error  as  defined  here  is  the  error  introduced  by  the  measurement  system  including  the 
evaluation  procedure  assuming  that  the  model  used  for  the  interpreuuion  including  all  its  parameters  corresponds  to  the  actual 
situation  of  that  pixel.  This  will  be  the  main  topic  of  this  paper.It  will  be  demonstrated  for  inverse  modeling  of  a  CZCS 
scene. 
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Fig.  1  Gcibsloff  plume  of  ihc  river  Elbe  as  derived  from  a  CZCS  image  by  inverse  modeling. 


2.  Method  and  Data 


The  radiative  transfer  model  used  in  the  inverse  algorithm  and  for  the  simulation  is  a  single  scattering  model  for  the 
atmoq)here  which  includes  absorption  to  atmoq)heric  gases,  reflection  of  sunlight  at  a  rough  sea  surface  and  reflection  of 
skyli^t  at  the  sea  surface.  The  underwater  radiative  transfer  is  described  by  a  two-flow  model.  It  is  based  on  formulations  of 
Andre  &  Morel^,  Joseph^,  Sturm^  and  is  summarized  in  Doerfferl^.  For  inverse  modeling  the  Simplex-Algorithm  of  Nekkr 
&  Meads^^  was  modified  by  introducing  constraints  adapted  to  thechi_square  criteria.  The  ptincqdes  of  inverse  modeling  for 
CZCS  data  is  given  in  Fig.  2.  The  optical  properties  of  water  constituents  are  taken  from  Plieur  &  Sathyendranath^^  and 
Doerfler^^.  The  parameters  of  the  atmosphere  woe  taken  from  Iqbal^^.  The  correction  scheme  for  the  sensitivity  loss  of 
CZCS  is  flom  Sturm^^.  For  the  simulation  for  the  sensitivity  analysis  a  gain  setting  of  1  and  no  sensitidvity  loss  was 
assumed.  Each  of  the  4  CZCS  bands  is  represented  by  a  single  wavelength  only.  The  concentradon  range  as  used  in  the 
CZCS  simuladon  is  typical  for  North  Sea  water  as  found  in  the  German  Bight 

The  CZCS  scene  used  is  of  the  North  Sea  (May,  Irst  1986).  For  dononstradon  of  the  minimum  error  analysis  only  one 
pixel  is  used  here  showing  typical  concentradons  of  the  coastal  North  Sea. 


Fig.  2  CZCS  Inverse  modelling 

The  method  for  error  analysis  when  fitdng  data  to  a  model  is  based  on  a  procedure  described  in  Thacker^^.  It  analyses  the 
Hesse  Matrix,  which  is  the  matrix  of  the  second  partial  derivadves  of  the  cost  function,  which  is  the  chi  square  function 
formulated  as 

L_ray_czc8{l]  -  L_ray_mod(il 

L_»nofIi]  ' 
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with  L.enor  as  the  error  being  the  radiance  corresponding  lo  of  1  digital  count  which  is  assumed  the  minimum  error.  The 
inverse  of  the  Hessian  is  the  unweighted  covariance  matrix.  Since  the  cost  function  is  chi.stpiare  from  two  times  the 
unwei^Med  covariance  matrix  the  errors  for  each  of  the  pmimeiers .  Le.  the  concentiation  of  gelbsioff.  suspended  mauer  and 
chlorophyll  as  wdl  as  of  die  aerosol  path  radiance,  can  be  derived  as  the  aquaietoots  of  the  diagonal  and  the  correlation  matrix 
by  dividi^  the  elements  of  the  covariance  matrix  by  the  squaraoots  of  the  correspondmg  products  of  the  variances. 


aJBfiSUitS 

The  minimum  error  occuring  in  the  retrieval  of  the  concentration  of  water  constitutents  from  radiance  measurements 
determined  by  the  quantization  of  the  analog  signal  and  is  •»/*  1  digital  couiL  For  the  CZCS  we  carried  out  a  simulation 
the  radiances  as  seen  by  the  sensor  and  ask  the  question,  vrhich  change  in  concentration  of  a  water  sidisiance  is  necessary 
order  to  produce  a  cha^  of  1  digital  count  for  each  trf  the  4  CZCS  channels  assuming  a  gainsetting  trf  1  and  no  sensitivity 
loss,  a  sun  zenith  angle  of  20  d%  and  a  nadir  looking  sensor.  A  standard  atmosphere  was  assumed  widi  a  visibility  of  20  km, 
no  wind.  The  result  for  Case  1  water  with  chlorophyll  as  the  only  water  constituent  is  shown  in  Fig.  3a. 


F)g.ab 


•mrendid  irnttw  msS  gUbiM  itaerpliDn  *(440  ran)  An 

Fig  3  Results  of  minimum  error  analysis  for  CZCS  radiances,  (a)  for  case  I  warer,  f(-d)  for  case  II  with 
Spg/I  chlorophyll.  S  mg/1  suspended  matter  and  gelbstoff  absoqition  of  03/m  at  4^  nm.The  x-axis 
shows  the  concentration,  the  y-axis  the  change  of  concentration  which  is  necessvy  to  cause  a 
radiance  change  of  1  digiial  count  The  diagonal  lines  mdkaie  the  area  in  which  more  than  a  100% 
change  or  more  than  a  S0%  change  is  necessary. 
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From  this  graph  it  can  be  clearly  seen  that  the  most  sensitive  channel  is  -  as  expected  •  CZCS  channel  1  (443  nm).  A 


CZCS 

channel 

L_ray_sat 

L_ray_mod 

delta  L 

delta  digital 
count 

Dev.  % 

1 

443 

12.75 

12.70 

0.05 

0.11 

lEKIi 

2 

520 

15.71 

15.47 

0.24 

0.77 

1.5 

3 

550 

17.34 

17.11 

0.23 

0.93 

1.3 

4 

670 

7.99 

8.42 

0.43 

3.8 

5 

750 

7.28 

5.61 

Table  1 :  Comparison  between  the  "rayleigh-corrected  radiances  of  CZCS  and  model  at  the  end 

of  the  inverse  modeling  loop  for  1  pixel  of  a  typical  Case  II  water  section  of  the  North  Sea.  CZCS 

channei  5  was  not  used  for  the  optimization.  Radiances  are  in  W  m-2  sr-1  txm-l 

sufficient  accuracy  with  a  50%  errm’  limit  can  only  be  achieved  in  the  concentration  range  up  to  3  pg/1.  Above  S  pg/1  the 
most  sensitive  channel  becomes  CZCS  channel  4  (670  nm),  while  the  channels  2  and  3  (520  and  550  nm)  never  passes  under 
the  100%  line. 

For  case  II  water  we  have  assumed  a  concentration  of  chlon^yll  of  5  |4g/I,  of  suspended  matter  of  5  mg/1  and  a  geltstoff 
absorption  of  1/m  at  380  nm  with  a  spectral  absorption  slope  exponent  of  0.0135.  These  values  are  typical  for  coastal  North 
Sea  water  as  found  e.g.  in  the  German  Bight  Now  we  modify  each  of  these  3  water  constituents  while  the  other  two  remain 
constant  Fig.  3  b  shows  the  result  for  a  changing  chlorophyll.  Channel  4  is  now  the  most  sensitive  channel  over  the  whole 
range  and  stays  below  the  50%  limit  while  channel  1  is  the  last  sensitive  which  never  subpasses  the  50%  line.  This 
behaviour  is  caused  by  the  su^nded  matter  concentration  which  is  at  this  concentration  most  sensitive  in  the  red  part  of  the 
spectrum  to  changes  of  its  own  concentration  and  to  that  of  any  absorbing  material.  This  can  also  be  seen  in  Fig.3  c.  where 
the  concentration  of  suspended  matter  was  varied.  The  sensitivity  increases  (minimum  error  decreases)  with  increasing 
wavelength.  A  varying  gelbstoff  concentration  (Fig.  3d)  shows  a  difleient  behaviour.  In  the  range  of  low  concentrations  the 
blue  channel  is  most  sensitive  to  changes  while  in  the  concentration  range  such  as  found  in  the  coastal  waters  of  the  southern 
North  Sea  again  the  ted  channel  4  has  the  lowest  minimum  error. 

In  the  minimum  error  malysis  of  the  pixel  of  the  CZCS  image  we  have  used  here  for  demonstration  a  coneqxMiding  result 
igipears.  Table  1  shows  the  diffetences  between  the  modeled  and  measured  "Rayleigh-corrected"  radiances  at  the  end  of  the 
optimization  loop,  i.e.  the  radiances  at  the  top  of  atmoqihere  after  subtracting  the  contribution  by  the  air  molecul  scattering 
including  reflections  at  the  sea  surface.  While  CZCS  channels  1-3  are  below  1  digital  count  difference,  channel  4  shows  a 
deviation  of  3  digital  counts.  So  the  modeling  of  chaiuiel  4  in  this  range  of  concentrations  still  has  to  be  improved. 

The  errors  for  the  four  concentration  parameters  as  derived  horn  the  inverse  of  the  Hesse  matrix  of  the  chi_squaie  function  are 
listed  in  Table  2.  They  are  asymmetrically  because  the  lo^thms  of  the  concentrations  were  used  in  the  rqximization  loop 
(search  qiace  of  the  simplex).  The  order  of  increasing  error  corresponds  to  that  we  have  found  in  the  simple  analysis  as  shown 
above:  aaosat  ptah  radiance,  gelbstoff,  suspended  matter  and  chlorc^yll.  Due  to  the  small  correlations  of  the  parameters  the 
ordering  of  errors  ca  be  assessed  from  the  diagonal  of  the  Hess  matrix,  which  elements  are  the  second  derivatives  by  the 
parameters.  However,  it  has  to  be  pointed  out  that  this  analysis  is  valid  only  for  this  particular  pixel,  although  it  is  typical 
for  case  n  water,  in  the  clearer  parts  of  the  North  Sea  with  Csae  I  like  water  r^ts  are  differenL 
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4.  Conclusion 

The  enois  of  remotely  sensed  concentrations  of  water  constituents  depends  on  many  influences  such  as  the  vertical 
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distribution  and  the  specific  inherent  optical  propeties,  of  which  most  are  unknown  for  the  actual  siuiation  as  represented  by 
the  radiances  of  a  pixel.  Thus,  we  have  analyzed  only  the  minimum  error  which  is  caused  by  the  sensor  and  the  algorithm 
q)plied,  in  our  case  the  inverse  modeling  procedure. 

The  following  conclusions  can  be  drawn  from  the  results: 

•  In  Case  n  water  all  4  channels  of  the  CZCS,  that  means  the  whole  range  of  the  visible  spectrum  is  influenced  by  all  3 
groups  of  water  constituents:  suspended  matter,  geibstoff  and  phytoplankton  pigments.  Thm  is  no  charnel  where  one  of 
the  substances  can  be  neglected.  Only  evaluation  procedures,  such  as  inverse  modeling  which  consider  all  spectral 
channels  and  the  influence  of  all  prameters,  i.e.  suspended  matter,  geibstoff,  pigments  and  aerosol  path  radiance 
simultaneously  can  be  used  to  derive  the  concentration  of  one  of  these  substances.  Simple  color  ratio  algorithm  can  work 
only  in  the  case  of  a  high  covariance  between  these  substances. 

•  In  turbid  water,  the  most  sensitive  channel  with  the  smallest  minimum  error  is  CZCS  channel  4  (670  nm)  with  respect 
to  all  3  groups  of  water  constituents. 

•  The  most  critical  parameier  with  the  largest  error  in  turbid  Case  II  water  is  chlorophyll. 

•  Although  the  CZCS  radiaometer  is  not  very  accurate  due  to  its  sensor  performance  and  althouj^  the  derived 
concentrations  are  very  sensitive  to  small  changes  in  digital  counts,  the  whole  measurement  system  of  CZCS  inverse 
modeling  despite  different  errors  has  been  proven  to  lead  to  results  being  in  accordance  with  the  knowledge  from  other 
sources. 

Future  sensors  which  will  be  dedicated  also  to  Case  n  waters  (as  it  was  the  original  purpose  of  the  Coastal  Zone  Color 
Scanner)  have  to  include  more  channels  in  the  red  part  of  the  spectrum  for  allowing  a  pigment  determination  in  different 
waters  with  varying  concentrations  of  suspended  matter  and  geibstoff. 
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ABSTRACT 

The  variation  of  optical  properties  of  the  water  was  studied  in  the  open  Baltic  Sea  and  in  coastal  waters  of 
the  Pomeranian  Bight  for  more  than  ten  years.  The  optical  properties  in  the  open  Baltic  Sea  are  strongly 
influenced  by  plankton  blooms  with  typical  phytoplankton  compositions.  This  led  to  significant  seasonal 
variations  in  spectral  reflectances.  In  coastal  waters  of  the  Pomeranian  Bight,  the  origin  of  the  water  masses 
and  the  dwell  period  of  the  river  water  in  different  lagoon-like  areas  and  bays  determine  the  composition 
of  the  water  constituents  and  their  optical  properties.  Strong  temporal  and  spatial  variations  in  spectral 
reflectance,  the  spectral  absorption  of  phytoplankton  pigments,  detritus  and  yellow  substances  were  found 
within  an  area  of  50  km^. 

The  data  set  was  used  to  develop  ground  truth  algorithms  to  determine  water  constituents  of  Baltic  Sea 
water  from  from  satellite  data  using  CZCS,  SeaWiFS  and  MERIS. 


Z  INTRODUCTION 

The  spectral  reflectarces  of  the  sea  water  are  dominated  and  modified  by  its  absorbing  and  scattering 
prop^es  and  the  dissolved  and  suspended  matter  it  contains.  Therefore,  seasonal  and  regional  differences 
in  reflectance  result  from  the  compositions  and  concentrations  of  that  matter  and  from  their  inherent  optical 
properties. 

The  Baltic  Sea  is  a  marginal  sea  with  a  limited  water  exchange  to  the  North  Sea  and  oceans.  The  freshwater 
from  rivers  transports  high  concentrations  of  nutrients,  organic  and  inorganic  suspended  material  and 
dissolved  organic  substances  into  the  Baltic.  In  the  southern  part  of  the  Baltic,  the  water  transport  takes 
place  via  shallow  lagoon-like  regions  where  plankton  production  starts.  The  river  water  also  contains  hig|i 
concentration  of  terrigenic  yeUow  substances  drairting  from  swampy  areas.  In  the  central  part  of  the  Baltic 
Sea,  the  Baltic  {noper,  the  concentrations  of  the  water  constituents  are  strongly  influenced  by  plankton 
blooms,  the  spCNdes  composition  of  which  varies  according  to  season. 

The  application  of  satdlite  data  of  ocean  colour  for  the  investigation  of  temporal  and  spatial  distribution  of 
the  concentrations  of  water  constituents  requires  ground  truth  algorithms  on  the  basis  of  reflectances  or 
specific  optical  properties. 

This  paper  discusses  temporal  and  spatial  variations  in  optical  properties  caused  by  different  concentrations 
and  compositions  of  various  water  constituents  and  presents  ground  truth  algorithms  based  on  reflectance' 
ratios.  The  algorithms  are  already  being  used  in  the  procedure  of  the  OCEAN  project  to  calculate 
concentrations  of  water  constituents  from  CZCS  data  for  the  Baltic  Sea  for  oceanologkal  applications  in  the 
Baltic  Sea  Research  Institute. 
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3.  METHODS  AND  AREAS  OF  INVESTIGATION 


The  spectral  reflectances  were  measured  for  more  than  ten  years  in  various  areas  and  seasons  in  order  to 
study  regional  and  seasonal  veuiations  and  the  influence  of  different  water  constituents.  The  total  internal 
reflectances  were  calculated  from  measurements  of  the  upward  radiance  just  beneath  the  sea  surfoce  (L„) 
and  of  the  downward  irradiance  (EJ  above  the  sea  surface  using  the  equation 

l?  =  nL„/E.,  0) 

which  is  applicable  on  the  assumption  of  completely  diffused  upwelling  li^t. 

The  measurements  were  carried  out  with  a  radiometric  calibrate  BAS-W'  spectrometer  at  25  wavelength 
in  the  spectral  interval  between  400  and  735  nm  with  a  spectral  resolution  of  aX  =  10  nm. 

Spectral  absorption  was  measured  with  a  Lambda  2  spectral  photometer  (PERKIN  ELMER).  The  absorption 
of  yellow  substances  was  determined  from  Altered  samples,  and  the  filter  method^  was  used  for  particulate 
matter  (phytoplankton,  detritus). 

The  volume  scattering  function  was  measured  at  a  wavelength  of  633  nm  and  angles  between  5°  and  165* 
by  means  of  a  laboratory  Ught  scattering  photometer  to  calculate  the  scattering  coefficients.^ 

To  characterize  the  transmission  properties  of  the  water  column  and  the  depth  of  the  productive  euphotic 
zone  were  determined  its  depth  tom  quantum  irradiance  measurements  (LICOR). 

The  water  consAtuents  taken  into  account  were  the  chlorophyll  and  phaeopigment  concentrations^ 
suspended  matter  and,  in  some  otses,  the  phytoplankton  composition. 

The  station  map  in  ng.  1  shows  the  positions  at  which  measurements  were  taken  during  selected  cruises  in 
the  Baltic  Sea.  The  measurements  were  carried  out  along  a  transect  through  the  central  Baltic  as  well  as  in 
special  grids  in  the  Gotland  Sea  and  Pomeranian  Bight. 
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The  total  internal  reflectance  R  can  be  approximated  by  the  reflectance  of  the  water,  R„,  if  the  sea  bottom 
has  no  influence  on  the  radiation  fleld  bdow  the  sea  surface.  In  this  case,  is  determined  by  the 

optical  properties  of  the  sea  water  and  the  materials  dissolved  and  suspended  in  it.  The  spectral  reflectance 
of  the  water,  R«„  is  proportional  to  the  ratio  between  the  backscattering  b^  and  absorption  coefficients  a 
(Rw  =0.33  bb  /  a  is  a  practically  used  formular  for  case  1  water)^ .  The  backscattering  coefficient,  Iv  can  be 
calculated  from  measiuements  of  the  volume  scattering  function  Rfy) 

bb  =  2n  6(y)  sin  y  dy  (2) 

where  y  is  the  scattering  angle.  The  total  absorption,  a,  and  backscattering  coefficients,  bb,  consist  of  the 
following  components: 

a  =  a^  +  aph  +  ay  +  a. +  ad  +  a,  ,  bb  =  bb«  +  bbp  (3) 

The  index  w  denotes  pure  seawater,  ph  phytoplankton,  y  yellow  substances,  s  suspended  matter,  d  detritus, 
p  particlulate  matter,  and  x  other  constituents.  The  actual  absorption  coefficient  in  a  specific  area  can  be 
calculated  cis  the  product  of  the  spedflc  coefficient  of  the  material  concerned  and  its  concentration.  The 
spectral  shape  of  the  reflectance  is  modified  mainly  by  the  spectral  absorptions  of  the  water,  the  yellow 
substances  and  ph)rtoplankton.‘ 

4.1.  Reflectances  of  different  water  areas 


Hgure  2:  Mean  spectral  reflectances  in  different  Figure  3:  Reflectances  of  the  Baltic  during 
regions  blooms  of  diatoms,  cyanobacteria,  flagellates 

and  dinoflagellates 
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The  mean  reflectances  measured  in  different  areas  are  shown  in  Hg.  2  to  illustrate  the  spectral  shape  and 
the  variations  in  reflectance  encountered  in  the  Baltic  Sea/  The  clear  oceanic  water  of  the  Atlantic  is 
characterized  by  the  highest  values  being  in  the  short  and  the  bwest  in  the  long  wavelength  range  because 
it  is  influenced  only  by  the  absorption  and  scattering  of  pure  sea  water. 

In  upwelling  areas,  the  higgler  chlorophyll  concentrations  and  their  absorption  properties  lead  to  a  reduction 
in  the  short  wavelength  interval,  and  scattering  due  to  the  particulate  phytoplai^ton  leads  to  an  increase 
at  the  long  wavelengths.  In  the  North  Sea  and  in  Black  Sea,  the  yellow  substances  reduce  the  reflectance  in 
the  blue  region  owing  to  their  exponentially  increasing  absorption  as  the  wavelength  decreases.  The  hi^ 
concentrations  of  yellow  substances  reduce  the  curves  for  Baltic  Sea  water  up  to  580  nm.  In  the  bay 
Greifowalder  Bodden,  hig^  concentrations  of  suspended  matter  increase  the  whole  spectrum,  and  the  steeper 
slope  in  the  short  wave  range  is  caused  by  the  yellow  substances.  In  some  areas  as  the  upwelling  area  and 
the  North  Sea  a  maximum  occures  in  the  reflectance  near  685  nm  due  to  the  natur^  fluorescence  of 
chlorophyll  a. 

4.2. Variations  in  the  reflectance  of  the  Baltic 

Variations  in  the  spectral  reflectance  of  the  Baltic  are  caused  by  seasonal  and  regional  differences  in  the 
compositions  and  concentrations  of  optically  active  water  constituents.  Seasonal  variations  are  produced  by 
the  development  of  plankton  blooms  in  which  specific  algae  are  dominant.  The  spring  bloom  consists  mostly 
of  diatoms,  whereas  cyanobacteria  are  dominant  in  summer  and  flagellates  in  September. 

Regional  differences  are  caused  by  temporal  differences  in  the  bloom  development  which  starts  in  March 
in  the  western  part  and  reaches  the  northern  part  in  May.  In  coastal  areas  the  river  transports  high 
concentrations  of  phytoplankton,  yellow  substances  and  suspended  inoiganic  matter  into  the  Bdtic  Sea. 


Mean  reflectances  measured  during  various  plankton  blooms  in  the  Baltic  proper  are  presented  in  Fig.  3  and 
completed  by  selected  curves  from  measurement  in  April  1994.  The  mean  curve  of  the  diatom  bloom  in  1985 
show  nearly  the  same  shape  as  that  measured  in  April  1994  but  the  magnitude  was  higher  this  year  due  to 
the  diatom  concentration.  The  reflectance  from  the  cyanobacteria  bloom  differ  only  slightly  horn  this.  Owing 
to  the  different  fluorescence  chlorophyll  ratio  of  the  dominant  algal  groups,  the  natural  fluorescence 
maximum  in  the  spectral  reflectance  near  685  nm  is  found  in  all  measurements  during  a  bloom  of  flagdlates 
and  dinoflagellates,  but  never  during  diatom  and  cyanobacteria  bloom. 

Diatoms  and  cyanobacteria  are  characterized  by  a  low  fluorescence  chlorophyll  ratios  in  contrary  to 
flagellates  and  dinoflagellates. 


The  influence  of  river  water  on  the  compositions  and  concentrations  of  various  water  constituents,  their 
inherent  optical  properties  and  the  spec^l  reflectance  was  studied  during  three  different  cruises  in  the 
Pomeranian  Bight*  in  comparison  with  those  of  the  open  Baltic  Sea  water  in  the  Arkona  Basin.  Rg.  4 
contains  all  reflectance  measurements  taken  during  the  cruise  in  May  1991. 

These  measurements  yielded  reflectance  curves  with  three  different  shapes  corresponding  to  water  from  the 
river  Oder,  mixed  bay  water  and  clear  water  from  the  open  Baltic  Sea  (Rg.  5). 

During  north-easterly  winds,  the  core  of  the  plume  from  the  river  Oder  was  observed  a  distance  of  6  km 
from  the  coast,  where  it  was  10  km  wide.  The  plume  could  still  be  detected  up  to  25  km  from  the  estuary. 
Vertically,  it  is  restricted  to  the  top  5  m.  The  river  water  plume  was  bounded  by  a  mixed  bay  water,  aifo 
clear  Baltic  Sea  water  was  found  farther  north  in  the  Arkona  Sea. 

The  spectral  reflectances  at  the  sea  surface  also  indicated  these  different  water  bodies.  Unlike  the  reflectances 
of  the  Baltic  proper,  the  differences  occur  in  the  whole  spectral  range  as  a  result  of  the  higher  particle 
concentrations  in  the  Pomeranian  Bight.  The  river  water  is  characterized  by  a  greater  decrease  towards  short 
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wavelengths  caused  by  absorption  by  yellow  substances.  The  maximum  in  the  reflectance  changes  from  520 
nm  in  Baltic  water  to  580  nm  in  water  from  tl^  river  Oder.  The  reflectance  of  the  river  water  has  a 
secondary  maximum  near  700  nm  due  to  the  high  badcscattering  caused  by  suspended  matter  and  the  high 
absoiption  of  the  phytoplankton  pigments  in  the  spectral  interval  up  to  that  wavelength. 


Rg.  4:  Spectral  reflectances  of  the  Baltic  Sea  water.  Fig.  5:  Mean  spectral  reflectances  of  the  Baltic 

Pomeranian  Bight  and  the  Oder  river  plume  the  Pomeranian  Bight  and  the  Oder  river 

Table  1  summarizes  the  differences  between  the  river  water,  the  surrounding  bi^t  wato-  and  the  Ba 
proper  in  salinity,  chlorophyll-a  and  phaeopigment  concentrations,  seston  and  yellow  substances  as  well 
in  the  optical  parameters  transparency  (Seixhi-depth),  depth  of  the  euphotic  zone  and  wavelength  of 
maximum  in  die  spectral  reflectance  during  May  1991. 

Tablel:  Comparison  between  different  water  constituents  of  the  river  Oder,  the  Pomeranian  K^t  and  the 
Baltic  Sea  (Aikona  Sea) 


Oder  river 

Bight 

Baltic 

Salinity  /  PSU 

3-65 

7-8 

7-9 

Seston  /  mg*dm^ 

8-10 

4-5 

2-4 

chl.a+phae  /  mgTm'^ 

10-30 

2-5 

1-3 

Gelbstofl  /  mg^dm*^ 

4  -6 

2-3 

1-2 

Secchi  depth  /  m 

1.0  -  35 

4-7 

8-11 

Euphoric  depth  /  m 

3-7 

10-14 

12-22 

Lamda  Rmax  /  nm 

580 

540-560 

520-550 
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The  river  water  is  characterized  by  lower  salinity,  higher  oxygen  concentration,  higher  concentrations  of 
water  constituents  such  as  chlorophyll-a  and  phaeopigments  and  total  suspended  solids.  Due  to  the  lai^ 
diffmnces  in  the  concentration  of  water  constituents,  the  depth  of  the  euphotic  zone  changes  from  10  m  in 
the  big^t  water  to  less  than  5  m  in  the  river  water. 


The  spedric  optical  properties  of  the  water  and  its  dissolved  and  suspended  constituents  are  basic  variables 
for  the  development  of  methods  for  the  determmating  water  constituents  by  means  of  satellite  data.  The 
main  optically  active  substances  in  the  Baltic  are  phytoplankton,  suspended  sediments  and  yellow 
substances.  In  the  following  selected  results  concerning  the  variability  of  optical  properties  are  presented. 


t  >j  i  [•)  t  W)  1  I  i  i;.i  r,T 


The  spectral  absorption  of  filtered  samples  (yellow  substances,  a^)  was  measured  during  diffdent  cruises  in 
order  to  investigate  the  distribution  patterns  and  the  exponentisd  dependence  on  the  wavelength.  In  Rg.  7, 
the  exponent  s  is  related  to  the  absorption  of  440  nm.  Its  value  varies  between  s  =  0.009  in  very  tuilnd  and 
s  =  0.040  in  the  clearest  water  and  shows  a  good  correlation  to  the  absorption  at  440  nm.  At  most  of  the 
stations  absorption  coefficients  between  0.3  and  0.7  m'*  were  measured  at  440  nm.  For  this  range  the  value 
of  the  exponent  s  was  between  0.010  and  0.017.  This  confirms  the  common  mean  value  of  0.014. 


Hgure  7:  Variation  of  the  exponent  s  of  wavelength  Hgure  8:  Differences  in  reflectance  from  the 

dependence  of  the  absorption  of  yellow  substances  western  Baltic  to  the  Gulf  of  Hnnland 

versus  absorption  coefficient  at  4M  nm 
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The  differences  in  the  spectral  reflectance  due  to  ydk>w  substances  are  not  restricted  to  the  coastal  area. 
Their  concentrations  also  decrease  horn  north  to  south.  In  the  northern  part  of  the  Baltic  and  especially  in 
the  Baltic  countries,  the  land  is  covered  by  a  lai^ge  number  of  swampy  areas  which  drain  via  rivers  into  the 
Baltic  Sea.  Depending  on  the  saUnity,  ydlow  substances  diange  to  some  extent  from  dissolved  into  colloidal 
solution  and  thus  cause  this  gradient. 

The  selected  reflectances  in  the  western  Baltic  Aikona  Sea,  Gotland  Sea  and  Gulf  of  Rnnland  shown  in  Fig.8 
illustrate  the  variation  of  the  slope  in  the  short  wavelength  range  caused  by  the  absorption  of  ydlow 
substances. 

ff.2.  The  baclaatteiing  coefficient 

The  backscatterii^  coefficient  is  a  basic  parameter 
for  ocean  colour  remote  sensing  problems  and 
radiative  transfer  computation  using  two-flow 
modds,  but  it  is  difficult  to  measure  directly. 

Besides  the  absorption  coefficients  of  sea  water 
and  its  constituoits,  it  strongly  influences  the 
colour  of  the  ocean  and  is  used  in  different 
approaches. 

Because  of  the  difficulties  in  measuring  the 
backscattering  coefficient,  approximations  based 
on  simply  determined  quantities  are  useful.  Mie 
computations  woe  carried  out  and  compared 
with  measurements  from  various  areas  to 
Investigate  the  relationship  between  the 
backscattering  coefficient  and  the  scattering 
intensity  8  at  various  scattering  an^es.  The  best 
correlations  were  found  with  8(120*).’  Rg.  9 
shows  how  the  backscattering  coefficient  varies 
with  the  scattering  intensity  8(120*)  for 
measurements  with  suifoce  samples  from  112 
different  stations.  The  measurements  woe  made 
during  the  three  cruises  in  the  Pomeranian  Bight 
where  the  suspended  matter  consists  mainly  of 
phytoplankton  and  its  derivative  by-products. 

ngure  9:  Relationship  betweoi  the  backscattering 
coefficient  and  volume  scattering  intensity  8(120*) 

5.3.  Absorption  of  uapeadt^  parHrW 

The  absoiption  of  suspeided  material  was  measured  by  the  filter  method  during  a  cruise  in  the  southern 
Baltic  in  1993.  The  water  samples  were  filtoed  through  Whatman  GF/C  ^ass  fibre  filters  and  their 
absorbance  measured  against  wet  filters.  ForciuantitativeestimationoffliedMorption  of  suspended  particles 
by  this  method,  the  measured  signal  had  to  compatsated  for  the  amplification  caused  by  the  scattering  of 
l^t  within  die  filter.  Conseciuently,  we  combed  the  absorption  coefficients  for  particulate  matter, 
separated  the  absoiption  coefficients  of  phytoplankton  and  detritus  and  calculated  specific  absorption 
cocffildents  for  the  phytoplankton.  Sdected  results  are  |»esented  in  fig.  10. 

The  highest  absorption  coefficients  for  suspended  matter  were  found  in  water  from  the  river  Oder,  for 
detritus  and,  owing  to  the  high  chloioph3dl  concentrations,  for  phytoplankton.  The  specific  absoiption 
coefficients  (per  unit  chlorophyll)  refiect  variations  in  pigment  composition,  cdl  size  and  intracellular  Chla 
concentrations  depending  on  the  dominant  algal  groups.  The  samples  were  disdngitished  by  amount  of 
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wwalangtti  /nm 


wmtongth  Aim 


—  -  332/1 1 3  -  B«Kie  wat«r 

—  -  386/130  •  BaMe  watar 

—  -  -  '  344/981  -  Bight  watar 

-  34S/885  -  Bight  watar  eoaat  kifluanead 

—  —  3S6/990  -  Bight  watar  rhtar  Inltuancad 


Fijtire  10 :  Abiorptioa  coefficient  of  partkolale  natt^ ,  detritu,  phytoplankton  and  apecifie  abaoiptioa 
coefficient  of  phytoplankton  of  diffeient  water  typea 
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accessory  pigments  such  as  carotenoids.  At  stations  with  hi^  specific  absoiption  coefficients  were  observed 
hi^er  ratios  between  carotenoids  and  chlorophyll  a,  which  may  explain  th^  more  effectiv  lig^t  utilization. 
The  highest  values  measured  at  stations  in  the  open  Baltic  were  cause  by  the  activity  of  the  young  growing 
phytoplankton. 


6^GRQUND  TRLfTH  ALGORITHMS 

The  application  of  remote  sensing  data  in  the  visible  spectral  range  to  the  estimation  of  biologically  relevant 
quantities  such  as  chlorophyll-a  requires  relationships  between  concentration  of  dilorophyll-a  and  optical 
parameters  in  addition  to  the  corrections  for  atmospheric  and  water  surfoce  effects.  Various  methods  have 
been  used  for  this  purpose,  including  empirical  colour  ratio  algorithms  and  inverse  techniques  based  on 
specific  optical  properties. 

cfzCS  data  suitable  for  use  in  Baltic  Sea  research  have  been  received  fiom  the  Ocean  Colour  European 
Archive  Network  (OCEAN)  Application  Programme  of  the  ESA  and  EC.  Cblour  ratio  algorithms  for 
estimating  chlorophyll  are  included  in  the  standard  procedure.  Our  aim  was  to  adapt  this  procedure  to 
conditions  in  the  Baltic  Sea  and  to  determine  additioriial  variables  such  as  yellow  substance  concentrations 
and  the  depth  of  the  euphoric  zone.  To  verify  the  results  of  this  procedure  a  comparison  to  the  inverse 
modelling  tedmique  bas^  on  specific  optical  properties''*  was  carried  out.  The  investigations  were  necessary 
to  permit  the  utilization  of  future  satellite  sensors  (SeaWiFS,  MERIS).  The  selected  algorithms  presented  in 
the  following  all  have  the  general  form 

G  *  A  •  X"  (4) 

where  G  is  a  parameter  standing  for  a  concentration  of  chlorophyll,  suspended  matter,  yellow  substances, 
and  A  and  B  are  constants  obtained  by  regression  analysis  of  measur^  values.  X  represraits  reflectance 
ratios  at  two  different  wavelengths  X,  and  X].  The  charmels  of  the  satellite  sensors  QZCS,  SeaWiFS,  MERIS 
were  chosen  as  the  wavelengths  X,  and  X,  in  order  to  identify  those  charmels  that  are  suitable  for  a  variety 
of  different  variables  and  for  the  area  of  investigation. 

Regression  analysis  for  different  regions"  has  shown  that  the  optinud  waveloigth  changes.  For  oceanic  case 
1  (waters  of  the  upwelling  area  off  NW-Africa)  the  most  suitable  wavelengths  for  chlorophyll  algorithms 
were  X,  =  440  run  and  X2  =  550-520  run.  In  case  2  waters  with  high  concentrations  of  ydlow  substances, 
chlorophyll  absorption  near  440  tun  is  strongly  influenced  by  the  absorption  of  ydlow  substances,  and  this 
shifts  the  optimal  channd  to  longer  wavelengths. 

In  view  of  the  spatial  and  seasonal  variations  in  the  optical  properties  of  the  water  masses,  we  did  not 
expect  to  find  a  universal  chlorophyll  algorithm  for  all  regions  and  seasons. 

Cll  Ph,  Ch+Ph,  Seston,  yellow  substances  and  the  depth  of  the  euphoric  zone  were  included  in  the 
regression  analysis,  and  curvature  as  wdl  as  colour  index  algorithms  were  tested.  The  best  correlations  were 
found  for  the  colour  ratio  algorithms.  The  optimal  wavelengths  for  CZCS,  SeaWiFS  and  MERIS  are 
summarized  in  Table  2. 
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Table  2:  Optimal  diannel-  ratios  for  estimating  different  variaUes  and  sensors 


Y  =  a  •  X^  X  »  R(X,)  /  R(Xj) 


Variable 

SNisor 

Lambda  1 

Lambda  2 

R 

Oi  +  Ph 

CZCS 

520,550 

670 

>0.9 

SeaWiFS 

510,  550, 490 

670 

>0.9 

MERIS 

520,  565, 445 

710,677 

>0.93 

c, 

CZCS 

443,520 

670 

>0^ 

SeaWiFS 

443,412 

670 

>0.65 

MERIS 

565,445 

670 

>0.7 

1%  depth 

CZCS 

520,550 

670 

>0.9 

SeaWiFS 

510, 490, 443 

670 

>0.9 

MERIS 

445, 490,  520 

710,665 

>0.93 

Seston 

CZCS 

520,550 

670 

>0.7 

SeaWiFS 

490, 510, 550 

670 

>0.7 

MERIS 

665, 620, 677 

710 

>0.8 

Rgure  11:  Chlorophyll  Phaeopigment  concentration  Hgure  12:  ChloiD|d^  Fhaeopigment 
versus  colour  ind»  R(520)/R(550)  for  CZCS  concentration  venus  colour  index 

appUcations  R(510)/R(67D)  for  SeaWiFS 


(5) 
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The  optimal  channels  for  use  in  the  Baltic  are  to  be  found  at  longer  wavelengths  than  those  for  oceanic 
waters.  When  determining  chlorophyll  from  CZCS  data  be  means  of  the  (XEAN  procedure,  channel  4  is 
needed  for  the  correction  for  atmosf^ric  effects.  Therefore,  the  ratio  between  channels  2  and  3  must  be 
used.  The  results  obtained  with  these  algorithms  on  three  different  cruises  and  the  best  fits  for  SeaWiFS 
channels  are  shown  in  Rg.  11  and  12.  Table  3  presents  selected  algorithms  for  estimating  chlorophyll  + 
phaeopigment,  yellow  substances,  the  depth  of  tlK  euphotic  zone  and  suspended  matter  for  CZCS,  S^WiFS 
and  MERIS. 

Table  3:  Selected  algorithms  for  using  CZCS,  SeaWiFS  and  MERIS  data  in  the  Baltic  Sea. 

Chla  +  Ph 


RCor 

Sigma 

A-Parameter 

B-Parameter 

n 

X-Wert 

CZCS 

-0.926 

7.18252 

48.17178  ±19% 

-251542  ±7% 

41 

520/670 

-0.747 

10.96059 

1.13478  ±23% 

-7.13817  ±14% 

41 

520/550 

SeaWiFS 

-0.924 

9.20880 

31.04893  ±17% 

-2.11508  ±7% 

40 

510/670 

MERIS 

-0.938 

12.17239 

46.40576  ±18% 

-1.46670  ±6% 

39 

520/710 

Seston 

CZCS 

-0.717 

157586 

9.92936  ±7% 

-056995  ±16% 

41 

520/670 

-0.580 

1.71958 

5.45282  ±6% 

-1.14333  ±22% 

41 

520/550 

SeaWiFS 

-0.734 

359307 

852045  ±5% 

•059065  ±15% 

40 

490/670 

MERIS 

-0B23 

3.44537 

959068  ±6% 

553301  ±11% 

38 

665/710 

Gelbstoff 

CZCS 

-0.640 

0.70078 

1.98429  ±5% 

5.40314  ±21% 

36 

443/670 

-0534 

0.77042 

150477  ±19% 

5.43403  ±27% 

36 

443/550 

SeaWiFS 

•0.640 

0.70078 

1.98429  ±5% 

5.40314  ±21% 

36 

443/670 

MERIS 

-0.719 

0.64605 

959194  ±22% 

5.79451  ±15% 

42 

565/710 

-0.693 

0.66383 

253131  ±4% 

557688  ±18% 

36 

445/710 

Euftfintic  depth 

CZCS 

0.942 

1.15718 

256604  ±6% 

0.78950  ±6% 

40 

520/670 

0.791 

1.67780 

755864  ±7% 

252542  ±13% 

40 

520/550 

SeaWiFS 

0.933 

557770 

454223  ±6% 

0.74062  ±6% 

39 

510/670 

MERIS 

0.947 

553532 

756812  ±4% 

0.41946  ±7% 

29 

445/710 

7.  CONCLUSIONS 

In  the  Baltic  Sea,  concentrations  mid  compositions  of  water  constituents  and  their  optical  properties  are 
subject  to  seasonal  and  regional  variations. 

The  spectral  reflectance  of  the  water  is  influenced  by  the  backscattering  and  absorption  properties  of  the 
water  and  hs  constituents  and  therefore  contains  information  that  can  be  used  for  remote  sensing. 
Regional  differences  in  the  spectral  reflectance  of  the  Baltic  are  caused  by  temporal  differences  in  the 
devdopment  of  plankton  Uooms  in  the  various  regions,  the  north  -  south  g^ient  in  the  concentration  of 
yellow  substances  and,  in  coastal  regions,  by  freshwater  input.  In  river  plumes,  high  concentrations  of 
dilorophjdl,  suspended  matter  and  ydlow  substances  have  a  strong  impact  on  inherent  optical  (noperties, 
spectral  reflectance  and  depth  of  the  evphotic  zone. 
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Seasonal  variations  are  caused  by  plankton  blooms  in  which  different  plankton  groups  such  as  diatoms, 
cyanobacteria,  flagellates  and  dinoflagellates  predominate. 

llie  vaiial^ty  in  the  composition  of  the  water  constituents  leads  to  a  variation  in  specific  optical  properties. 
This  is  taken  into  account  when  these  specific  properties  are  used  to  conclude  from  satellite  data  to  the 
concentration  of  water  constituents  ( inverse  modelling  technique). 

The  regression  analysis  for  the  derivation  of  algorithms  for  the  determination  of  chloiDphyll  and  other  water 
constituents  ftom  satellite  data  on  the  basis  of  reflectance  measurements  shows  the  relationships  with  the 
best  correlations  and  the  optimal  wavelength  for  CZCS,  SeaWiFS  and  MERIS. 

Selected  algorithm  for  the  estimating  chloiophyll,  seston  and  yellow  substance  concentrations  as  well  as  the 
depth  of  the  euphotic  zone  from  CZCS,  SeaWiR  and  MERIS-  data  are  presented.  The  algorithms  are  already 
being  used  to  analyze  CZCS  data  from  the  OCEAN  project. 
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Abstract 

We  have  developed  a  bistatic,  polarization-modulated  nephelometer  for  making  in  situ 
measurements  of  angle-  and  polarization-  dependent  light  scattering  in  sea  ice.  The  instrument 
sits  directly  and  non-invasively  on  the  surface  of  the  sea  ice,  and  can  also  be  used  for  studying 
scattering  in  sea  water.  A  visible  laser  beam  is  directed  into  die  medium  and  the  scattered  Ught 
is  detect^  by  the  analyzer  optics.  Both  laser  and  detector  angles  can  be  varied.  The  technique 
of  ac  polarimetry  is  us^  to  accurately  obtain  phase  function  and  polarization  informaticm  of  die 
scattered  light.  This  instrument  was  tested  by  scattering  from  monodisperse  polystyrene  (latex) 
spheres  in  the  laboratory.  Results  of  Mie  cadculations  are  in  good  qu^itative  agreement  widi 
scattering  measured  in  the  laboratory.  This  instrument  was  used  to  measure  the  angle-  and 
polarization-  dependent  scattering  in  sea  ice  at  Pt.  Barrow,  Alaska,  May  1994.  Preliminary 
findings  indicate  a  large  polarization  signal  associated  with  the  orientational  ordering  of  the  sea 
ice  crystallites. 


1.  Introduction 

The  optical  properties  of  sea  ice  at  visible  wavelengths  are  dominated  by  scattering.  A 
complete  description  of  the  angle-  and  polarization-  dependent  scattering  properties  of  sea  ice 
does  not  exist  in  the  literature,  yet  is  believed  to  be  an  essential  ingredient  of  realistic  radiative 

transfer  models.  ^  Most  radiance  calculations  in  an  atmosphere-ocean  system  have  been 
performed  using  a  scalar  theory  approach  where  polarization  effects  are  neglected.  This 
approach  is  incomplete  and,  in  the  presence  of  signiticant  polarization-dependent  scattering, 

will  be  in  error.''  ^ 

Nephelometry  is  the  study  of  light  scattering;  a  scanning  polar  nephelometer  is  capaUe  of 
measuring  angle-  and  polarization-  dependent  light  scattering.  The  most  complete  description 
of  the  polarization  properties  of  a  scattering  system  is  provided  by  the  Mueller  matrix 
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,  fonnalism.^'  ^  The  polarization  state  of  any  beam  of  partially  polarized  radiation  can  be 
characterized  by  a  four  element  Stokes  vector.  The  four-by-four  matrix  representing  the  linear 
transformation  of  the  Stokes  vector  is  referred  to  as  the  Mueller  matrix.  The  sixteen  elements  of 
the  Mueller  matrix  are  each  functions  of  the  scattering  angle  6  and  depend  on  the  properties  of 
the  scatterer.  The  polarization  properties  of  light  can  be  determined  by  using  lig^t  ^  known 
polarization  state,  or  equivalently  known  Stokes  vector,  to  probe  the  scattering  system.  The 
Stokes  vector  of  the  scattered  light  is  analyzed  using  combinations  of  polarizers  and  retarders 
and  is  detected  with  a  photomultiplier  tube  (PMT).  By  knowing  the  incident  and  scattered 
Stokes  vectors  one  can  determine  the  respective  Mueller  matrix  elements  of  the  unknown 
scattering  system.^ 

Sea  ice  is  a  complex,  heterogeneous  material.  Sea  water  begins  to  freeze  from  liquid  brine 
at  T  =  -  1.  8  ®  C,  at  which  temperature  crystals  of  pure  water  ice  form,  increasing  the  salinity  of 

the  remaining  brine.^  Sea  ice  contains  pockets  of  pure  water  ice,  brine,  and  air  bubbles  which 
form  as  the  brine  drains  from  the  ice  lattice  under  the  influence  of  gravity.  The  morphology  of 
the  sea  ice  depends  not  only  on  initial  growth  conditions  but  also  on  its  age,  temperature,  and 
gas  content.  Under  certain  growth  conditions  the  crystallites,  which  are  optically  birefringent, 

can  show  considerable  alignment.^  The  optical  properties  of  the  sea  ice  arise  from  the  scattering 
that  occurs  at  the  geometrical  discontinuities  between  the  pure  ice  (n  =  1.31),^  brine  (n  ^  1.34)* 
^  and  air  pockets  (n  =  1 .00).  The  different  types  of  sea  ice  have  different  optical  properties. 

I 

We  have  developed  a  bistatic  nephelometer  for  making  in  situ  measurements  of  angle 
and  polarization  dependent  light  scattering  in  sea  ic».  The  instrument  measures  polarization- 
dependent  light-scattering  signatures  presented  by  sea  ice  and  its  connection  to  ice  morphology. 
In  addition,  the  results  will  be  used  to  evaluate  the  efficacy  of  polarimetry  in  optical  remote 
sensing  studies  of  sea  ice.  Such  data  can  be  used  to  predict  radiant  transfer  in  sea  ice  and  to 
evaluate  effects  of  incident  sunlight  on  climate  change  and  on  biological  processes  imder  the  ice 
pack.  The  instrument  was  designed  to  measure  the  Mueller  matrix  elements  which  describe  tite 
scattering  of  sunlight  from  sea  ice.  The  bistatic  nephelometer  was  deployed  to  Pt.  Barrow, 
»  Alaska  in  May  1994  under  the  auspices  of  the  Office  of  Naval  Research  (ONR)  sponsored 
Electromagnetic  Properties  of  Sea  Ice  (EMPOSI)  initiative.  This  paper  describes  instrument 
development,  initial  verification  of  the  technique  using  scattering  from  latex  spheres,  and 
preliminary  results  of  the  Pt.  Barrow  measurements. 


2.  Experimental  Approach 


2.1  Instrument  Description 

The  bistatic  nephelometer  is  shown  schematically  in  Fig.  1  (a)  and  in  cross  section  in  Fig.  1 
(b).  The  light  source  is  a  three  stage  cw  laser  with  a  frequency  doubled  YAG  output  at  532  nm 
(green).  The  single  mode  output  power  is  50  mW.  Collimated  light  from  the  laser  passes 
through  a  linear  polarizer  and  photoelastic  modulator  (PEM).  The  PEM  modulates  the 
polarization  state  of  the  laser  beam  at  50  kHz.  The  beam  is  incident  on  and  deflected  by  two 
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Figure  1.  (a)  Schematic  view  of  the  bistatic  nephelometer.  The 

length  of  the  lenses  is  50  cm  and  is  determined  by  the  critical  angle  at  the 
Plexiglas-ice  interface.  The  lenses  are  slightly  asymmetric  because  of  the 
presence  of  the  biprism  "mirrors",  (b)  Cross  section  of  the  instrument  in 
the  scattering  plane,  for  arbitrary  laser  and  detector  "mirror"  angles. 


back-to-back  right  angle  prisms,  described  below,  in  such  a  way  that  the  light  re-emerges  hx>m 
this  biprism  "mirror"  in  the  plane  deflned  by  the  initial  beam  direction.  The  dotted  line  in  Mg.  1 
(a)  lies  in  the  scattering  plane.  The  biprism  "mirror"  is  attached  to  a  stepper  motor  to  vary  the 
angle  of  the  deflected  beam.  The  beam  enters  a  cylindrical  plano-concave  Mexiglas  lens  b^ie 
entering  the  sea  ice,  where  it  propagates  and  is  scattered.  The  scattered  light  is  collected  by  a 
second  cylindrical  plano-concave  Plexiglas  lens  and  then  passes  through  a  second  biprism 
"mirror"  and  analyzing  filters  before  being  detected  at  the  PMT.  To  reduce  stray  badcground 
light  the  light  train  is  enclosed  in  a  light  tight  box  after  the  second  biprism  "mirror".  The 
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measured  signal  is  due  to  scattered  light  originating  in  the  common  volume  between  the 
viewing  optics  and  the  sea  ice  illuminated  by  the  laser.  This  shared  volume  is  called  the 
scattering  volume.  Both  the  angle  of  the  laser  and  detector  biprism  "mirrors"  can  be  varied  to 
study  various  scattering  geometries.  Fig.  1  (b)  is  a  cross  section  of  the  instrument  in  the 
scattering  plane,  for  arbitrary  laser  and  detector  "mirror"  angles.  The  choice  of  laser  and  detector 
"mirror"  angles  and  spacing  determines  scattering  angle  and  depth  of  the  scattering  volume.  A 
given  scattering  angle  can  be  obtained  for  a  variety  of  laser  and  detector  "mirror"  angles.  In  this 
approach  the  ice  pack  is  probed  by  the  laser  light  in  the  same  fashion  as  the  ice  pack  is  probed 
by  sunlight  in  satellite  observations. 

It  is  necessary  to  use  mirrors  to  deflect  the  laser  and  detector  beams  in  order  to  vary  the 
scattering  geometry.  The  polarization  state  of  the  laser  light  should  not  be  modihed  at  these 
mirrors  because  this  will  lead  to  spurious  signals.  Conventional  mirrors  modify  the  polarization 
state  of  the  reflected  light  as  a  fimction  of  reflected  angle.  This  effect  is  avoided  by  using  two 
stacked  right-angle  prisms  in  place  of  a  mirror.  The  prisms  are  aligned  so  that  ^ey  slure  a 
common  square  face,  with  the  remaining  two  square  faces  at  right  angles  to  each  other.  Light 
incident  on  the  first  square  face  undergoes  two  total  internal  reflections  and  exits  the  second 
square  face  at  a  right  angle  to  the  incident  beam.  Due  to  the  symmetry  of  the  prisms  the 
amplitude  of  the  exiting  beam  has  been  multiplied  by  (r,  ri  )  where  r^  (rj)  is  the  complex 
reflection  coefficient  for  polarization  perpendicular  (parallel)  to  the  plane  of  incidence.  Because 
the  product  of  the  two  total  internal  reflections  is  commutative,  the  polarization  state  of  the 
exiting  light  is  unaltered,  apart  from  an  arbitrary  phase  shift.  If  the  prisms  are  rotated  about  the 
axis  defined  by  the  incident  beam  then  the  two  prisms  act  as  a  mirror.  This  is  schematically 
indicated  in  Fig.  1  (b). 

Introducing  the  laser  beam  directly  into  the  sea  ice  is  complicated  by  surface  scattering 
and  by  refraction  at  the  air-ice  interface.  Detecting  the  scattered  light  is  affected  in  the  same 
way.  The  range  of  angles  of  light  that  can  introduced  into  or  detected  at  the  ice-air  interface  is 
limited  by  total  internal  reflection.  By  using  negative  piano-cylindrical  lenses  made  of  Plexiglas 

at  the  air-ice  interfaces  (npiexiglas  ~  1.  48  at  0.  53  pm)  we  can  reduce  and  control  these  effects. 
The  axis  of  rotation  of  the  laser  and  detector  "mirrors"  lie  at  the  center  of  curvature  of  the 
respective  lens  surface,  with  the  planar  surface  of  the  lens  in  contact  with  the  ice.  In  this 
geometry  the  effect  of  total  internal  reflection  of  the  scattered  light  is  avoided.  The  length  of  the 
lenses  is  determined  by  the  critical  angle  at  the  Plexiglas-ice  interface.  The  lenses  are  slightly 
asymmetric  because  of  the  presence  of  the  biprism  "mirrors".  In  practice,  a  shallow  trench  was 
dug  into  the  ice  and  filled  with  water.  The  lens  was  frozen  into  place.  This  significantly  reduced 
surface  scattering  and  acted  like  an  artindal  melt  pond.  Because  the  focal  length  of  the  interface 
lenses  is  negative,  the  incident  and  scattered  beams  would  be  defocused.  A  positive  focal  length 
lens  elsewhere  in  the  wave-train  compensates  for  this  effect.  The  detector  optics  have  a  2.4®  half¬ 
width  field  of  view  in  the  scattering  plane. 

The  PEM  produces  polarization-modulated  light  at  50  and  100  kHz.  The  signal  incident 
on  the  PMT  is  detected  synchronously  with  a  lock-in  amplifier.  The  dc  component  of  the 
scattered  light  is  measured  separately.  By  choosing  the  proper  combination  of  (1)  initial  linear 
polarizer  orientation  and  PEM  position,  (2)  final  polarizing  filter  and  (3)  first  or  second  harmonic 
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of  the  PEM  or  dc  detection,  measurements  can  be  made  which  will  allow  determination  of  all  16 
components  of  the  Mueller  matrix. 

For  all  ac  measurements  it  is  desirable  to  operate  the  detection  system  in  such  a  way  that 
the  dc  signal  from  the  PMT  is  held  constant  as  the  angular  scan  proceeds.  As  shown  below,  this 
enables  direct  measurement  of  normalized  Mueller  matrices.  The  PMT  output  signal  is  Sdc(V)  = 
fdcg(V),  Sac(V)  =  /acg(V),  where  I  is  the  dc  or  ac  light  intensity,  resp)ectively,  incident  at  the  PMT 
(Watts),  g(V)  is  the  PMT  gain  (Volts/Watt) ,  and  V  is  the  PMT  supply  voltage.  As  the  scattering 

angle  0  varies,  V  is  continuously  adjusted  so  that  Sdc(V)  =  So,  a  constant.  Under  these  conditions 
Sac(V)  =  Sod  ac  /f  dc)-  Therefore,  by  adjusting  V  so  that  the  dc  signal  from  the  PMT  remains  at  a 
constant  level,  the  ac  signal  is  automatically  normalized. 

There  are  several  advantage  of  this  automatic  normalization  procedure.  First,  changes  in 
scattering  volume,  or  in  distance  of  scattering  volume  to  the  detector,  which  occur  as  a  function 

of  6  are  corrected  for  automatically.  Second,  changes  in  the  intensity  of  the  laser  will  not  affect 
the  measured  ac  signal.  Third,  since  Sq  =  /dcg(V)  is  kept  constant,  then  by  knowing  g(V)  we  can 
determine  /dc-  Therefore,  in  the  ac  detection  scheme  where  V  is  dynamically  adjusted,  both  the 
dc  and  the  ac  component  of  the  Mueller  matrix  are  deternuned  simultaneously.  Scattering 
matrix  elements  that  can  only  be  measured  using  the  dc  detection  procedure  where  V  is  not 
d)mamically  adjusted  must  still  be  corrected  for  changes  in  the  scattering  volume.  The 
scattering  volume  depends  on  the  distance  and  angle  to  the  detector  as  well  as  on  the  beam 

spread  function,^  which  is  a  measure  of  the  divergence  of  the  beam. 

The  detector  optics  collects  light  scattered  within  the  ice.  Scattered  sunlight  contributes 
an  unwanted  component  to  the  detected  dc  signal  which  can  lead  to  significant  errors  in  the 
automatic  normalization  procedure  described  above.  The  effect  of  the  background  sunlight  can 
be  compensated  for  as  follows:  The  PMT  output  signal  is  Sdc(V)  =  (/sun  +  /dc)g(V).  This  is  the 
same  equation  as  before  but  now  modified  by  the  presence  of  the  background  light  intensity 
due  to  the  sun,  /sun-  We  can  measure  the  dc  PMT  signal  as  a  function  of  V  and  the  detector 
angle  with  the  laser  turned  off.  This  is  equivalent  to  measuring  the  quantity  /sung(V).  With  the 
laser  turned  on  the  measured  signal  is  (/sun  +  fdc)g(V).  If  the  PMT  voltage  V  is  adjusted  so  that 
l(fsun  /dc)g(V)]measured  "  [/sung(V)]ineasured  ~  Sq,  a  constant  then  the  effects  of  the  scattered 
sunlight  are  removed  from  the  detection  scheme.  Because  /sung(V)  varies  with  V,  die  above 
equation  must  be  solved  iterively.  The  ’feedback’  system  described  here  is  implemented  with  a 
computer.  Note  that  if  /sun  »  /dc  then  the  accuracy  of  the  subtraction  is  reduced  and  our 
technique  is  compromised.  In  the  field  experiment  /sun  was  minimized  by  shielding  the 
detection  optics  from  direct  sunlight  and  by  laying  absorbing  black  p>olyethylene  directly  on  the 
sea  ice  for  a  radius  of  approximately  6  meters  surrounding  our  measurement.  This  technique 
sufficiently  reduced  the  ambient  light  so  that  /sun  «  fdc  and  the  correction  technique  was  able 
to  compensate  for  the  remaining  background.  (Operating  without  ambient  light  was  not  possible 
during  the  time  of  year  of  the  Pt.  Barrow  experiment. 


12  Instrument  Discussion 
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In  a  conventional  nephelometer,^' a  stationary  sample  is  illuminated  by  a  laser  and 
the  scattered  light  is  detected  by  a  PMT  which  rotates  around  the  sample.  Light  scattered  as  a 
function  of  scattering  angle  6  originates  within  the  finite  sample  volume.  The  distance  between 
the  scattering  volume  and  the  detector  is  fixed.  The  scattering  volume  varies  as  sin(0).  In  the 
bistatic  nephelometer,  the  half-space  of  the  undisrupted  ice  pack  acts  as  the  sample.  Light 

scattered  as  a  fimction  of  6  may  originate  at  different  locations  in  the  ice,  depending  on  the 
choice  of  laser  and  detector  "mirror"  angles  and  spacing.  The  distance  between  the  scattering 
volume  and  the  detector  depends  on  the  scanning  strategy  used.  The  scattering  volume  depends 
on  the  scanning  strategy  used  as  well  as  on  the  beam  spread  function. 

Because  both  the  laser  and  detector  angles  can  be  varied,  there  are  many  scanning 
strategies  that  can  be  used.  The  most  simple  case  is  to  scan  either  the  laser  or  detector  "mirror" 
angle  while  leaving  the  other  fixed  (fixed-detector  or  Bxed-laser  scan).  An  advantage  of  this 
scanning  strategy  is  that,  in  the  absence  of  multiple  scattering,  the  scattering  volume  changes 

simply  with  0.  Another  scanning  strategy  is  to  adjust  the  laser  and  detector  "mirror"  angles  so 
that  the  optical  path  length  traversed  by  Ae  light  within  the  ice  is  kept  constant  (constant  chord 
scan).  The  locus  of  scattering  volumes  then  follows  a  pseudo-elliptical  trajectory.  The  trajectory 
is  not  precisely  elliptical  since  the  foci  change  with  dtanging  "mirror"  angles.  An  advantage  of 
this  scanning  strategy  is  that  the  total  optical  path  length  traversed  by  the  light  is  independent  of 
0.  In  this  scanning  strategy  the  minimum  0  occurs  when  the  scattering  volume  is  located 
directly  in  between  the  laser  and  detector  "mirrors."  Scanning  on  either  side  of  this  position  will 
be  symmetric  in  0. 

A  problem  associated  with  the  Plexiglas-ice  interface  is  that  light  which  is  obliquely 
incident  to  this  interface  will  be  depolarized,  that  is,  (Tr  -  Ti)/(Tr  +  Ti)  deviates  from  zero.  T  is 
the  transmissivity  corresponding  to  the  polarization  perpendicular  (r)  or  parallel  (1)  to  the  plane 
of  incidence.  This  deviation  from  zero  may  mimic  an  S12  or  an  S13  signal  at  some  angles. 

The  bistatic  nephelometer  measures  the  first  row  of  the  Mueller  matrix  elements  (Sn,  S12, 
Si3  and  S14).  Sii,  also  called  the  phase  function,  describes  the  total  scattered  light  intensity.  ^2 
and  Si3  describe  the  conversion  between  linearly-polarized  light  and  unpolarized  light  in  a 
coordinate  system  either  defined  by  the  scattering  plane  (Si  2)  or  at  45®  to  the  scattering  plane 
(S13).  A  non-vanishing  S13  indicates  orientation  in  the  scattering  system.  S14  describ^  the 
conversion  between  circularly-polarized  light  and  unpolarized  light.  There  are  two  reasons  for 
limiting  our  study  to  these  elements:  (A)  The  first  column  of  the  Mueller  matrix  of  sea  ice  (Sn, 
S21,  S31  and  S41)  describes  the  process  of  scattering  unpolarized  sunlight  from  sea  ice  and  is 
therefore  of  interest.  It  is  difficult  to  directly  measure  the  first  column  using  the  ac  detection 
technique.  Because  of  the  symmetry  of  the  Mueller  matrix,  measuring  the  first  column  is 
essentially  equivalent  to  measuring  the  first  row.  (B)  The  presence  of  stress-induced 
birefringence  in  the  Plexiglas  lenses  will  tend  to  modify  the  phase  angle  of  the  scattered 
radiation.  However,  the  first  row  (or  column)  of  Mueller  matrix  elements  depend  on  the 
conversion  between  polarized  and  unpolarized  light  but  not  on  the  phase  angle  of  the  scattered 
light,  and  so  will  not  be  affected  by  the  Plexiglas  lenses. 
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23  Measurements  on  Latex  spheres 


The  bistatic  nephelometer  was  tested  by  scattering  from  latex  spheres  in  the  laboratory. 
Previous  measurements  of  scattering  from  latex  spheres  using  a  conventional  nephelometer^' 

''  showed  good  agreement  with  Mie  calculations.^^  A  large  trough  (12  cm  W  *  50  cm  D  *  125 
cm  L)  was  used  to  hold  a  suspension  of  0. 482  pm  latex  spheres  in  a  1  mmolar  solution  of  NaQ 

to  prevent  flocculation.'^  The  walls  of  the  trough  were  painted  black  to  reduce  stray  scattered 
light.  Scattering  from  the  walls  is  difficult  to  eliminate,  but  by  operating  the  nephelometer  so 
that  the  laser  angle  is  fixed  and  scanning  the  detector,  a  large  range  of  scattering  angles  can  be 
studied  without  changing  the  distribution  of  scattered  light.  The  measured  phase  function  Sn  is 
shown  in  Fig.  2  (a)  and  the  measured  S12/S11  is  shown  in  Fig.  2  (b)  versus  scattering  angle  0 
(solid  lines).  Also  shown  are  Mie  calculations  at  a  wavelength  of  532  nm  assuming  a  suspension 
of  spheres  with  diameter  of  0.482  pm  (dotted  lines),  and  a  narrow  gaussian  distribution  of 
spheres  with  a  mean  diameter  of  0.482  pm  diameter  (dashed  lines).  The  calculated  curves  for 
Sii  (a)  have  been  divided  by  sin(6)  to  correct  for  scattering  volume. 

There  is  generally  good  agreement  between  the  measured  Sn  and  the  zero-free- 
parameter  model  calculation  for  Sn.  The  agreement  between  the  measured  and  calculated 
Si2/Sn  is  less  good,  however  the  overall  features  reproduce  qualitatively.  In  particular,  the 
peaks  seen  in  the  measured  quantity  are  shifted  down  in  scattering  angle  by  approximately  15 
degrees  from  the  calculated  quantity.  The  agreement  is  especially  poor  in  the  forward  scattering 
region,  where  the  measured  Si2/Sn  aosses  zero.  We  have  not  ruled  out  the  possibility  of 
systematic  errors  in  this  measurement,  especially  from  the  possibility  of  stray  scattered  light  and 
are  continuing  our  investigation  of  the  instrument.  In  addition,  the  character  of  the  trough  and 
the  large  amount  of  water  used  precluded  the  use  of  very  particle  free  water,  so  significant 
Rayleigh  and  contaminant  scattering  was  present.  The  addition  of  latex  spheres  increased  the 
scattering  at  ~90®  by  a  factor  of  five  above  the  background. 


2.4  Sites  Studied  at  Pt.  Barrow,  Alaska 

Two  sites  were  chosen  for  the  study  of  die  sea  ice.  The  first  site  (I)  was  to  the  West  of 
Point  Barrow  (in  the  Chukchi  Sea);  the  second  site  (11),  to  the  East  of  Point  Barrow  (in  the 
Beaufort  Sea).  Both  sites  consisted  of  shore  fast  ice  approximately  1.2  m  (1.5  m)  thick  at  Site  I 
(II),  with  an  ocean  depth  of  7  m.  The  ice  at  Site  I  was  roughly  three  months  old;  the  ice  at  Site  II 
was  slightly  older.  From  the  px>int  the  shore  runs  NE  to  SW  (NW  to  SE)  at  Site  I  (II).  Both  sites 
consist^  of  congelation  ice  for  the  top  ~10  cm  below  which  the  sea  ice  was  highly  aligned,  with 
the  c  axis  parallel  to  the  shore,  ^a  ice  forms  platelet  type  crystallites,  whose  c  axis  is 
peipendicular  to  the  platelets.  The  platelets  will  often  align  due  to  the  presence  of  currents, 
whose  direction  is  defined  by  the  shoreline.  In  all  of  our  measurements  the  bistatic 
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Figure  2.  (a)  The  phase  function  Log[Sii]  and  (b)  S12/S11  versus 

scattering  angle  6  for  0.482  mm  diameter  latex  spheres  measured  in  the 
laboratory  (solid  lines).  Mie  calculations  assuming  a  light  wavelength  of 
532  nm  and  0.482  pm  diameter  spheres  (dotted  lines)  and  a  narrow 
Gaussian  distribution  of  sphere  sizes  with  mean  diameter  of  0.482  pm 
(dashed  lines).  The  calculated  curves  for  Sn  (a)  have  been  divided  by 
sin(6)  to  correct  for  changes  in  scattering  volume. 


nephelometer  was  aligned  either  with  the  scattering  plane  parallel  or  perpendicular  to  the 
platelets. 


3.  Experimental  Results 

Figure  3  represents  some  preliminary  results  of  our  measurements  at  Pt.  Barrow.  The 
quantity  S13/S11  for  sea  ice  is  plotted  in  Fig.  3  versus  6  at  Site  II  for  scans  where  (a)  the  detector 
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F^ure  3.  S13/S11  of  sea  ice  versus  scattering  angle  6  for  scans  of  the 

bistatic  nephelometer  where  (a)  the  detector  is  held  fixed  and  the  laser  is 
moved  (fixed  detector  scan)  and  (b)  the  optical  path  length  traversed  by 
the  light  is  held  constant  (constant  chord  scan).  The  fiiin  (thidc)  lines 
correspond  to  scans  where  the  scattering  plane  is  parallel 
(perpendicular)  to  the  ice  platelets. 


is  held  fixed  and  the  laser  is  moved  (fixed  detector  scan)  and  (b)  the  optical  path  length 
traversed  by  the  light  is  held  constant  (constant  chord  scan).  The  thin  (fiiidc)  lines  oorrespmid  to 
scans  where  the  scattering  plane  is  parallel  (perpendicular)  to  the  ice  platelets.  In  Fig.  3  (a)  fiiere 

is  a  large  feature  at  0  ~  85°  for  the  parallel  scan.  The  scan  in  the  perpendicular  orientation  is 
featureless.  In  Fig.  3  (b)  there  is  also  a  lar^  reproducible  feature  near  6  ~  80°  for  the  parallel 
scan.  The  scan  in  the  perpendicular  orientation  in  Fig.  3  (b)  shows  little  structure  near  6  ~  80° 
and  inaeases  with  increasing  6  for  one  half  of  die  scan,  showing  litfie  symmetry  in  dw  odter  half 
of  the  scan. 
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4.  Discussion 


When  the  nephelometer  scattering  plane  is  perpendicular  to  the  platelets  light  passes 
through  and  is  scattered  by  the  platelets  while  when  the  scattering  plane  is  parallel  to  the 
platelets  light  can  pass  through  channels  in  between  the  platelets.  Therefore  we  expect  less 
scattering  and  therefore  less  depolarization  when  the  scattering  plane  is  parallel  to  dte  platelets. 
This  is  consistent  with  our  observations,  where  the  feature  observed  in  S13/S11  is  present  only 
when  the  scattering  plane  is  parallel  to  the  platelets.  The  peak  occurs  both  for  the  fixed  detector 

and  for  the  constant  chord  scans  at  approximately  the  same  value  of  6.  The  Mueller  matrix  S13 

has  been  associated  with  orientation  within  the  scattering  system.  The  feature  we  observe  at  6  ~ 
80°  may  arise  from  the  ordering  of  the  ice  platelets  in  the  sea  ice. 

The  asymmetry  in  the  constant  chord  scans  may  result  from  inhomogeneities  in  the  sea 

ice.  Recall  that  in  the  constant  chord  scan  the  two  values  of  S13/S11  for  a  given  scattering  angle  0 
correspond  to  scattering  volumes  at  different  locations  in  the  ice.  The  upturn  in  S13/S11  in  Fig.  3 
(b)  occurs  for  light  obMquely  incident  to  the  Plexiglas-ice  interface  and  may  systematiadly  result 
from  the  change  in  transmissivity  at  the  Plexiglas-ice  interface  as  discussed  in  Section  Z2. 


5.  Conclusions 

We  have  developed  a  novel  bistatic  nephelometer  for  making  in  situ  measurements  of  the 
angle-  and  polarization-  dependent  scattering  in  sea  ice.  Scattering  measured  using  this 
instrument  agrees  with  that  calculated  for  latex  spheres.  This  instrument  was  used  in  Pt. 
Barrow,  Alaska  in  May  1994  to  measure  scattering  in  sea  ice.  The  sea  ice  crystallites  at  the  sites 
studied  were  highly  aligned.  Preliminary  results  of  these  measurements  show  a  large  (>30%) 

signal  in  S13/S11  occurring  near  a  scattering  angle  of  0  ~  80°  when  the  scattering  plane  was 
parallel  to  the  ice  platelets.  This  feature  occurs  at  both  sites  studied  (Sites  I  and  11)  and  was  not 
present  when  the  scattering  plane  was  perpendicular  to  the  ice  platelets.  Our  observations  are 
consistent  with  the  expectation  that  light  will  be  scattered  more  and  hence  be  more  highly 
depolarized  when  the  scattering  plane  is  perpendicular  to  the  ice  platelets.  A  non-vanishing 
S13/S11  is  consistent  with  the  presence  of  orientation  in  the  sea  ice.  Measurements  of  the  phase 
function  Sii  (total  intensity),  S12  and  S14  show  repeatable  signals.  However,  furtiier  analysis  is 
necessary  to  rule  out  the  possibility  of  systematic  error. 

The  presence  of  a  non-vanishing  Mueller  matrix  in  sea  ice  has  signiticant  implications  for 
radiative  transfer  modeling,  as  ignoring  polarization-dependent  scattering  has  b^n  shown  to 

cause  significant  errors.^'  ^  Additionally,  the  presence  of  a  large  signature  in  S13/S11  could 
potentially  facilitate  remote  observations  of  the  orientation  of  sea  ice. 
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ABSTRACT 


Fluorescence  spectroscopy  has  been  used  to  characterize  and  assess  the 
vertical  distribution  of  dissolved  (DOM)  and  particulate  matter  (POM) 
entrapped  in  sea  ice.  Fluorescence  excitation-emission  of  bulX 
particulates,  performed  on  first-year  ice  and  multi-year  flow  ice, 
indicated  that  microalgae  present  in  different  layers  of  the  first  year 
ice  resembled  typical  water  column  phytoplankton  spectra,  where  those 
in  the  multi-year  ice  samples  resembled  detrital  spectra.  Fluorescence 
analysis  also  indicated  that  DOM  present  in  sea  ice  can  be 
characterized  by  their  excitation-emission  in  unconcentrated  samples. 
Maximal  values  for  DOM  fluorescence  were  observed  at  shorter  excitation 
wavelengths  (250nm-300nm) ,  with  an  emission  centered  between  390-425nm. 


1.  IMTRODUCTIOM 


Recent  investigations  have  indicated  that  particulate  matter  present 
in  sea  ice  can  significantly  affect  the  optical  variability  and  ii^bt 
field  within  the  ice,  as  well  as  the  underlying  water  column  *•*'*•*'*'• . 
It  has  also  been  reported  that  algal  gro%rth  in  sea  ice  is  highly 
dependent  upon  the  in  situ  light  field^'  However,  the  contribution  of 
dissolved  organic  matter  upon  optical  properties  of  sea  ice  is  virtually 
unknown.  A  recent  Investigation  of  optical  properties  of  blue  and  green 
icebergs  in  Antarctic  waters  revealed  that  the  observed  shifts  in  the 
spectral  absorption  were  a  consequence  of  DOM  (Gelbstoff ) ,  in 
concentrations  capable  of  altering  their  reflectance  properties  of  the 
icebergs' . 


Present  Address:  *Department  of  Biological  Sciences  , University  of 

Southern  California,  Los  Angeles,  CA  90089-0371. 

■i-Department  of  Marine  Sciences,  University  of 
Connecticut,  Groton,  CT  06340-60997. 


920 /sm  Vol.  2258  Ocean  Qpt/cs  XII  (1994) 


<^194-1 574-X/94f$6.00 


The  study  of  particulate  and  dissolved  organic  natter  in  the  ocean, 
and  other  aquatic  environments  has  been  largely  facilitated  by  the 
introduction  of  fluorometric  analysis.  This  technique  has  been  used 
to  characterize  phytoplankton  groups  using  the  spectral  signatures  of 
their  pigments 


Furthermore,  during  the  last  decade,  high-sensitivity  and  spectral 
resolution  spectrofluorometers  have  permitted  the  identification  of  the 
bulk  part  of  dissolved  organic  substances  in  marine  and  freshwater 
environments  by  direct  analysis  uew  information  suggests  that 
dissolved  fluorescing  matter  in  the  ocean  can  be  associated  with  two 
major  groups  of  organic  compounds,  one  that  is  related  to  an  aromatic 
amino  acids-protein  type  of  fluorescence,  and  one  that  is  a  more 
refractive  type  of  organic  compounds  related  to  humic-acids”. 


The  need  to  understand  and  improve  our  knowledge  in  terms  of  the 
composition  of  dissolved  and  particulate  organic  matter  present  in  sea 
ice,  which  can  strongly  affect  the  transfer  of  energy  through  the  ice 
layer,  has  largely  motivated  this  study.  Results  of  preliminary 
investigations  attempting  to  characterize  the  bulk  part  of  dissolved 
and  particulate  matter  entrapped  in  sea  ice  by  fluorescence  spectroscopy 
are  reported. 


2.  M 


fi 


Samples  were  collected  from  different  types  of  ice  in  the  vicinity  of 
Point  Barrow,  Alaska,  during  mid  May,  1993.  First-year  and  multi-year 
ice  samples  were  collected  from  the  Elson  Lagoon  and  from  the  seaward 
side  of  Point  Barrow  (Chukchi  Sea) .  Ice  cores  were  collected  with  a 
stainless  steel  ice  coring  system  provided  by  the  Polar  Ice  Coring 
Office  (Fairbanks) .  Ice  cores  were  cut  into  20-30cm  length  sections 
and  placed  into  polyethylene  bags  and  kept  sealed.  Extra  precautions 
were  taken  with  the  handling  of  the  cores  to  avoid  contamination  of  the 
ice  samples  with  organic  substances  or  exposure  to  direct  sunlight. 
Once  at  the  laboratory,  samples  were  slowly  melted  and  processed  for 
further  analysis.  No  significant  effect  of  the  plastic  bags  on 
fluorescence  measurements  was  found  in  preliminary  tests. 


2.1.  Fluorescence  properties  of  PON:  Seunples  were  processed  as  described 
by  Bower  and  Iturriaga  (1992)”.  Depending  on  particle  concentration, 
a  volume  of  30  to  50ml  was  concentrated  onto  an  Anopore  0.2um  pore 
size  filter  under  low  vacuum  pressure.  The  filter  was  then  placed  face¬ 
up  over  a  gelatin-coated  microscope  slide.  After  placing  one  or  two 
drops  (approx.  50ul)  of  a  gelatin  solution  over  the  filter,  this  was 
covered  with  a  microscope  coversllp.  The  slides  were  kept  frozen  (-20  **C) 
until  analysis  at  the  laboratory. 

Fluorescence  excitation  and  emission  spectra  of  the  particulates 
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concentrated  on  the  filters  were  performed  by  front-face  illumination. 
An  Anopore  filter  mounted  in  the  same  fashion  was  used  as  a  Blank. 
Fluorescence  spectra  were  determined  on  a  SPEX  Industries  (New  Jersey, 
USA)  Fluorolog  2,  Model  Fl-112  fluorometer.  A  double  monochromator  on 
the  emission  side,  reduces  stray  light  contamination  to  a  minimum.  A 
450W  Xenon  (Ozone  producing)  lamp,  and  a  water  cooled  PMT  provided 
sufficient  excitation  energy  within  the  UV  region,  as  well  as  the 
sensitivity  required  for  the  measurements. 

2.2.  Fluorescence  properties  of  DOM:  Small  volvimes  (approx.  10ml)  were 
filtered  through  pre-combusted  glass  fiber  filters  (Whatman  6/FF) , 
placed  in  pre-cleaned  vials  (Teflon  lined  caps) ,  and  kept  frozen  until 
fluorometric  analysis.  Small  aliquots  of  the  sample  were  used  to 
rinse  the  filtration  device  and  vials  to  minimize  the  effect  of 
contaminants.  Fluorescence  emission  scans  were  performed  at  following 
excitations:  200nm,  250nm,  300nm,  350nm,  400nm,  and  450nm.  Data  were 
collected  every  2  nanometers  with  an  integration  time  of  0.5  seconds. 

A  blank  consisting  of  distilled  water  (Quartz  distilled  daily)  was 
subtracted  from  the  samples  to  correct  for  water  Raman  scattering.  The 
Raman  scattering  peak,  measured  in  each  sample  at  the  respective 
excitation,  was  then  used  to  normalize  the  corresponding  emission 
spectra . 


3.  RBS0LT8  AMD  D1SCDS810M 


3.1.  Fluorescence  properties  of  in-ice  bulk  particulate  matter. 

Front-face  fluorescence  excitation  (Emission:  683nm)  performed  on  bulk 
particulates,  suggest  that  microalgae  entrapped  throughout  the 
different  layers  of  first-year  ice  resembled  typical  spectra  commonly 
observed  in  healthy  phytoplankton  cells.  At  the  Elson  Lagoon,  higher 
values  were  found  at  the  bottom  of  the  core  (total  length  of  this  ice 
core  was  95cm  from  top  to  bottom) .  At  the  seaward  side  of  Point  Barrow 
(Chukchi  Sea) ,  higher  values  also  corresponded  to  the  deeper  part  of 
the  core  (total  length  of  this  core  was  140cm) .  Similar  spectra  were 
observed  by  microphotometric  analysis  in  individual  cells^.  Indicating 
that  most  micro  algae  present  in  first-year  ice  were  well  preserved  not 
only  in  shape,  but  also  in  optical  properties  as  well  (Flg.l).  In 
multi-year  ice  no  algal  photosynthetic  pigments  or  degradation  products 
were  detectable  in  any  sections  of  the  core. 

Fluorescence  emission,  as  a  function  of  different  excitation 
wavelengths,  suggested  that  detrital  matter  constituted  the  main 
component  of  the  particulates  present  in  the  ice  samples.  For  an 
excitation  at  370nm,  distinctive  emission  maxima  were  observed 
between  400-425nm  and  450-500nm  regions  of  the  spectnun.  At  this 
excitation,  and  at  430nm  (chlorophyll  maximum  absorption) ,  only  a  small 
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Figur«  2.  Fluorescence  emission  of  particulate  matter  of  first- 
year  ice  (Elson  Lagoon) ,  as  a  function  of  different  excitation 
wavelengths. 
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Figuro  3.  Fluorescence  emission  of  particulate  first-year  ice 
(Chukchi  Sea)/  as  a  function  of  different  excitation  wavelengths. 


SPIE  Vol.  2258  Ocean  Optics  XU  (1994)  /  925 


fraction  of  the  spectral  emission  can  be  attributed  to  chlorophyll 
(emission  maxima  between  675-680nm  when  excited  between  400-430nm) . 
Spectral  emission  with  such  properties  was  only  observed  in  the  first- 
year  ice  samples  (Figs. 2, 3).  Multi-year  ice  emission  values  were  low  in 
comparison  to  the  first-year  samples,  and  all  spectra  resembled 
detrital  matter.  Similar  detrital  fluorescence  emission  spectra 
(maximal  values  centered  between  400-420  and  450-500nm,  for  a  370nm 
excitation) ,  has  been  observed  by  microphotometry  in  individual  marine 
detrital  particulates”. 


3.2.  Fluoresoenee  properties  of  in-iee  dissolved  organic  matter. 

Fluorescence  has  long  been  used  for  the  characterization  of  dissolved 
organic  matter  in  sea  water.  This  technique  was  first  reported  by 
Kalle  (1937,  1949) who  measured  the  fluorescence  intensity  for  a 
fixed  excitation  and  emission  wavelength.  Similar  determinations  were 
performed  by  several  other  investigators  a  more  recent  approach 
has  been  to  measure  whole  fluorescence  emission  as  a  function  of 
different  excitations.  Such  a  measurement  has  been  possible  due  to  the 
high  sensitivity  and  spectral  resolution  of  commercial 
spectrofluorometers  developed  during  the  last  decade”'^*’”. 


Analyses  of  different  types  of  sea  water  samples  using  excitation- 
emission  spectroscopy  have  indicated  that  it  is  possible  to 
discriminate  the  nature  and  sources  of  dissolved  organic  matter  by 
fluorescence  analysis”'”'”'”'”'**'**.  Such  studies  suggest  that  in  the 
ocean  two  distinctive  organic  compounds  can  be  discriminated  by  their 
fluorescence  properties.  One  type  is  related  to  amino  acid-protein 
fluorescence,  as  a  product  of  recent  biological  activity.  This  type  has 
an  emission  maxima  between  300-350nm  ,  when  excitation  is  set  between 
220-275nm.  The  other  type  of  compound  has  been  associated  with  humic 
substances  with  an  emission  maxima  between  420-450nm,  for  an  excitation 
between  320-350nm“'”'”- 


The  characterization  of  DON  present  in  the  ice  was  determined  by 
recording  the  fluorescence  emission  as  a  function  of  the  following 
excitations:  200nm,  250nm,  300nm,  350nm,  400nm,  and  450nm.  Measurements 
were  performed  in  different  sections  of  the  multi-year  ice  core  from 
30cm  depth  to  255cm,  in  an  ice  column  of  600cm  total  length. 
Concentrations  of  dissolved  fluorescing  substances  were  very  low  in 
most  of  the  core  sections  analyzed.  However,  relatively  higher  values 
were  found  in  the  240-255cm  depth  section,  indicating  that  either  an 
accumulation  of  dissolved  products  may  have  occurred,  or  an  ice  layer 
of  different  origin  may  have  been  encountered  at  that  depth. 
Discontinuity  between  ice  layers  is  characteristic  of  multi-year  ice. 
Maximal  fluorescence  emission  values  were  found  between  400nm-450nm, 
for  an  excitation  at  250nm.  Lower  emission  values  were  observed  at 
longer  excitations  wavelengths (Fig. 4) . 
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Figure  4.  Fluorescence  emission  of  DOM  (multi-year  ice),  as  a 
function  of  different  excitation  wavelengths. 
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Emission  spectra  (excitation:  250nm)  were  used  to  determine 
differences  in  concentration  and  type  of  DOM  between  the  multi-year 
ice  sections,  the  Elson  Lagoon  bottom  core,  and  a  Chukchi  sea  water 
sample  (Fig. 5,  top).  The  total  ice  depth  of  the  multi-year  ice  was 
approximately  6  meters,  of  which  nearly  half  of  that  depth  was 
analyzed.  Multi-year  ice  undergoes  many  morphological  changes,  which 
may  explain  the  large  difference  between  the  upper  layers  and  the  one 
at  240-255cm  depth.  On  the  other  hand,  it  is  possible  to  assume  that 
lower  concentration  of  dissolved  organic  compounds  in  the  upper  layers 
may  occur  as  a  result  of  brine  drainage  throughout  the  ice  column. 
Salinity  measurements  performed  through  the  multi-year  ice  indicated  an 
increased  from  0.05(o/oo)  to  3. 6(0/00)  from  surface  to  265cm  depth.  An 
increase  in  fluorescence  is  observed  when  plotted  against  salinity  (Fig 
5,  bottom).  Such  an  effect  on  fluorescence  has  been  previously 
reported.  Other  factors  should  not  be  excluded,  particularly  in 
multi-year  ice,  where  the  layers  are  constituted  by  different  types  of 
ice.  Further  interpretation  of  such  differences  would  be  speculative  at 
this  time. 


In  a  recent  study  Mopper  and  Schultz”  reported  that  the  protein-type 
fluorescence  (Ex  220-270nm-Em  300-350nm)  was  dominant  in  the  upper 
water  column  for  the  Atlantic  and  Pacific  Ocean  samples.  Deeper  water 
samples  showed  two  distinctive  excitation-emission  regions  one  at  230nm 
with  an  emission  maximum  at  430nm,  and  other  at  310nm  with  an  emission 
maximum  at  430nm,  which  has  been  commonly  associated  with  humic 
substances^*.  Strong  fluorescence  signals  have  also  been  detected  at 
<260nm/435nm  in  the  Black  Sea”  and  in  aquatic  fulvic  substances”.  The 
Ex  230nm-Em  430nm  fluorescence  has  been  found  to  be  the  dominant 
feature  for  humic-rich  freshwater  and  marine  sediment  pore  water 
For  the  sea  ice  samples  examined,  a  common  characteristic  was  a  maximal 
emission  at  approximately  400nm,  when  the  excitation  maxima  was  250nm, 
which  appears  to  be  close  to  the  fluorescence  characteristics  reported 
for  the  humic  rather  than  the  protein-type  substances.  However,  the 
protein-type,  as  detected  by  spectral  fluorescence  analysis,  is 
restricted  to  the  presence  of  fluorescent  aromatic  amino  acids,  such  as 
tryptophan,  phenylalanine,  tyrosine,  or  proteins  containing  such  amino 
acids  Spectral  absorption  spectra  indicated  a  distinctive  shoulder 
at  280nm  in  many  of  the  ice  samples,  which  is  commonly  associated  with 
protein  absorption.  Therefore  the  presence  of  protein  can  not  be 
excluded.  According  to  these  observations,  the  effects  of  dissolved 
organic  matter  upon  attenuation  of  incident  irradiance  will  be  more 
relevant  within  the  UV  region  (350nm-200nm)  of  the  spectrum.  However, 
their  fluorescence  emission  may  affect  the  light  field  within  the 
visible  region. 


Depending  on  their  concentration,  the  presence  of  particulate  and 
dissolved  organic  matter  in  the  congelation  ice  layers  will  affect  not 
only  the  physical  structural  properties  of  the  ice,  but  also  the 
quantity  and  spectral  composition  of  the  solar  irradiance  throughout 
the  ice  column^'”'.  During  bloom  conditions,  large  concentrations  of 
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Figure  5.  Fluorescence  emission  characteristics  of  different  DOM 
samples  (top),  and  effect  of  salinity  on  the  fluorescence  signal 
(bottom) . 


SPI£  Vol.  2258  Ocean  Optics  XII  (1994)  /  929 


microalgae  can  be  found  within  the  bottom  of  the  congelation  ice  and 
the  underlaying  platelet  ice  layer.  It  is  also  expected  that  such  large 
concentrations  will  also  contribute  significant  amounts  of  dissolved 
organic  extracellular  products. 


The  transfer  of  electromagnetic  radiation  through  the  ice  is  dependent 
not  only  on  the  inherent  optical  properties  of  the  ice  and  covering 
snow,  but  also  on  the  amount  of  dissolved  and  particulate  matter 
present.  Previous  radiative  transfer  models  for  sea  ice  assumed 
structural  homogeneity  and  composition  simplicity*®'**^'**.  More  recently, 
other  models  have  incorporated  the  effect  of  particulate  matter  in  sea 
ice,  and  have  included  absorption  and  scattering*'*®.  Both  models 
Indicate  that  absorption  and  scattering  properties  of  sea  ice 
microalgae  can  significantly  affect  the  propagation  of  spectral 
irradiances  within  the  visible  spectrum.  However,  more  information  is 
required  before  the  effects  of  dissolved  organic  matter  and  the 
fluorescence  parameter  can  be  included  in  radiative  transfer  models  of 
sea  ice. 


4.  SUMMARY 


This  preliminary  study  suggest  that  fluorescence  spectroscopy 
represents  a  useful  technique  for  assessing  differences  between 
particulate  matter  entrapped  in  sea-ice,  such  as  photosynthetic 
pigments  an  their  degradation  products.  A  characterization  of 
dissolved  organic  compounds  by  direct  analysis  using  fluorescence 
excitation-emission  can  also  be  performed  without  concentration  of  the 
sample.  This  analysis  suggests  that  DOM  entrapped  in  the  ice  may  fall 
within  the  marine  humic-acid  type  of  fluorescence.  However,  this  does 
not  include  any  other  type  of  organic  compounds  not  detected  by 
fluorescence,  such  as  non  fluorescing  amino  acids,  proteins,  or  other 
organic  products. 
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ABSTRACT 

The  distribution  and  concentration  of  particulate  and  dissolved  material  was  detemuned  for  first  year  and 
multiyear  sea  ice  collected  fi^om  the  fast  ice  ofFBarrow,  Alaska.  The  particles  were  identified  as  intact  algal 
cells,  bacteria,  organic  aggn^ates  colonized  by  bacteria  and  detrital  particles.  The  largest  concentrations  of 
particles  occurred  in  the  zones  of  fine  grain  or  in  zones  of  concentrated  brine  drainage  features.  The 
absorption  efficiencies  of  these  particles  in  combination  with  measured  paitide  concentrations  was  shown  to 
provide  a  reasonable  estimate  of  the  bulk  particulate  qiectral  absmption  coeffidents  in  the  case  of  a  first 
year  ke  sample.  The  sum  of  the  absorption  coefficients  of  the  particulate  and  dissolved  fiactions  were  14)  to 
an  order  of  magnitude  greater  than  the  absorption  coefficients  of  pure  ice.  The  enhanced  absorption  of 
visible  radiation  by  the  entrapped  material  was  estimated  to  cause  increases  in  sea  ice  temperature  of  tq)  to 
3  °C  per  day  in  the  absence  of  snow  cover.  The  marine-derived  particulate  and  dissolved  materials  ate  not 
n^igiUe  contributors  to  the  optical  and  thermal  characteristics  of  sea  ice. 


1.  INTRODUCTION 

The  presence  of  significant  anioums  of  marine-derived  organic  material  in  the  skeletal  layer  of  sea  ice  has 
been  observed  in  both  the  Arctic  and  the  Antarctic.  Bottom  ice  algal  commmities  accumulate  to  large 
concentrations  (>100  mg  chi  m'^)  and  ate  some  of  the  most  productive  conmunities  in  the  polar  r^ions'’ 
Material  entrapped  within  the  ice  column  is  most  commonly  found  in  the  brine  drainage  ^em  between  ice 
crystals^.  The  remaining  entrapped  material  which  is  not  directly  associated  with  drainage  fieatuies,  the  so- 
called  diffiae  interior  community  of  ice  biota,  has  been  poorly  stwlied^  *.  Interior  «Ib«I  communities  are 
found  in  much  lower  concentrations  (<10  mg  chi  m'^)  and  consist  of  those  ceOs  both  entrapped  during  the 
freezing  season  and  those  accumulated  due  to  local  growth  within  the  ice.  Along  with  the  incorporation  of 
algae  into  the  ice  column  is  evidence  fisr  the  entrapment  and  survival  of  larger  organisms^  and  disaolved 
organic  material*.  The  diffuse  algal  communities  hiwe  been  found  only  in  Antarctic  sea  ice  to  date\  they 
may  account  for  a  significant  fraction  of  the  algal  concentration  and  production  in  regions  of  persistent  ice 
cover  and  perhaps  should  nm  be  overlooked  with  respect  to  relatively  eidiemeral  bottom  ice  communities. 

While  the  presence  of  particulate  organic  material  within  or  at  the  base  of  the  ice  cohmm  affect  the  optical 
properties  significantly^’'"’,  the  contribution  of  dissolved  organic  material  to  the  optical  properties  of  sea  ice 
is  virtually  unknown^.  The  first  report  of  the  effect  of  dissolved  organic  material  on  the  optical  properties  of 
marine  ice  was  observed  in  Antarctic  icebergs  orignatir^  from  basal  fieezing  of  seawater  to  die  undersides 
of  ice  shelves*.  The  concentrations  of  tins  material  were  suffidem  to  alter  the  spectral  reflectance  by 
enhanced  absorption  of  blue  photons  over  that  by  pure  ice.  These  observations  suggest  that  aO  conatituetts 
found  in  seawater  are  potentially  incorpmated  into  sea  ice  during  the  fireezing  process  and  that  the  strong 
absorption  coefficientt  may  contribute  to  the  optical  prr^rerties  of  tile  sea  ice,  particularly  with  respect  to  the 
attenuation  coefficients’. 
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Pure  ice  has  rdatively  low  absorption  coefficients  at  short  wavdengths  (400  -  SSO  nm)",  resultii^  in  a  laiw 
portion  of  the  incident  solar  energy  being  transmitted  through  the  ice*  and  badcscattered  out  the  surfine 
However,  the  presence  of  absorbing  componoits  in  the  ice  may  significantly  increase  the  amount  of  radiation 
trapped  in  the  ice  and  thus  alter  not  only  the  spectra!  composhitm  of  the  transmitted  and  backscattered 
ration,  but  also  the  temperature  distribution  due  to  heat  trapping.  Because  brine  pocket  formation  is 
extremely  senative  to  small  changes  in  temperatu^e'^  the  entrafq^  organic  material  may  also  have  an  effect 
on  the  sea  ice  structure. 

The  purpose  of  this  investigation  was  to  determine  the  concentrations,  distributions,  and  absorption 
properties  of  marine-derived  particulate  and  dissolved  material  entrapped  in  first  and  multiyear  Arctic  sea  ice 
with  the  goal  to  estimate  the  effect  of  this  absorbing  material  on  the  sea  ice  beating  rates. 


2  METHODS 

First  and  multiyear  sea  ice  cores  were  collected  fiom  fast  ice  west  of  Barrow,  Alaska,  in  the  Chukchi  Sea.  A 
first  year  sea  ice  core  was  also  collected  from  Elson  Lagoon  southeast  of  Pt.  Barrow.  Cores  were 
subsampled  at  10  to  20  cm  intervals  on  site  and  mdted  for  salinity,  chemical,  partide,  and  optical  analyses. 
Replicate  cores  were  collected  for  thin  sections  and  petrographic  analyses. 

Chlorophyll  a  concentrations  were  determined  fluorometrically  on  filtered  samples  (combusted  Whatman 
GF/F  filters)  which  were  extracted  in  90%  acetone  for  48  h.  Particle  size  distrihutions  were  measured  with 
the  Galai  CISlOO  Particle  Analyzer  for  diameters  O.S  to  ISO  |im.  The  Galai  determines  particle  diameters 
from  the  time  of  transit  of  a  rotating  laser  as  it  imersects  the  midpoint  of  a  partide.  The  sh^  of  the  voltage 
trace  of  the  laser  across  the  particle  is  used  to  reject  off  center  interactions  and  chord  diameters.  An  LED 
light  source  and  CCD  camera  provides  video  display  of  the  particles  in  suspension  and  allowed  identification 
of  the  particles  assodated  with  each  size  class. 

Spectral  absorption  effidency  fiKtors  of  individual  algal  cells,  Qa^X),  and  detrhal  partides,  Qid(X)  were 
measured  microphotometrically'^.  Bulk  particle  absorption  spectra,  s^X),  were  determined 
spectrophotometrically  on  filter^  samples  (combusted  Whatman  GF/F  filters)'^.  Etulk  dissolved  absorption 
spectra,  ag(X),  were  measured  spectrophotometrically  on  die  filtrate  in  10  cm  cuvettes'*. 


3.  RESULTS 

3.  /  Relation  between  cMoropbyil  a  concentrations  and  sea  ice  cryskd  structure 

Chlorophyll  concentrations  (dll)  for  the  three  ice  types  are  shown  in  Fig.  1.  The  largest  concentrations  were 
found  in  the  first  year  Chukchi  Sea  ice  core  with  concentrations  ranging  from  0.6  to  10  mg  chi  m'^, 
comparable  to  productive  ocean  waters.  The  chi  concentrations  in  the  Elson  Lagoon  sea  ice  core  ranged 
from  0.03  to  0.4  mg  m'^.  In  these  first  year  ice  cores  maximal  concentrations  of  chi  were  associated  with 
vitible  bands  of  brine  drains  structures  and  fine  grain  ice.  Miniinal  concentrations  occurred  in  r^ions 
dominated  by  coarse  grain  congelation  ice. 

Only  250  cm  of  the  more  than  600  cm  ice  column  was  retrieved  from  the  multiyear  ice  she.  The  chi 
concentrations  were  one  to  three  orders  of  magnitude  less  than  those  for  the  first  year  ice  (0.001  to  O.OS  mg 
m'^).  The  nuudnui  in  chi  concentration  at  the  surface,  60  cm,  155  cm,  and  245  cm  coincided  with  patches  of 
oriented  fine  grained  ice  in  the  midst  of  unoriented  or  medium  grained  ice. 
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Fig.  1.  Chloropl^  a  concentratioiis  for  the 
multiyear  (triai^es)  and  first  year  ice  from 
the  Chukchi  Sea  (solid  circles)  and  Bison 
Lagoon  (open  circles).  Vertical  bars  indicate 
the  depth  range  of  the  core  samples. 


3. 2  Particle  distributions  and  (^cal  properties 

Particle  size  distributions  (PSDs)  are  (Hesented  in  term  of  total  particle  volume  in  each  size  class  as  a 
function  of  dqrth  in  the  ice  core  (Fig.  2).  The  population  of  particles  associated  with  the  peak  at  4  pm  was 
identified  as  a  pennate  diatom  (Nitzschia  ssp).  The  populations  associated  with  the  peaks  at  10  -  30  pm 
diameters  were  identified  as  large  organic  floes  coloni^  by  bacteria. 

The  absorption  efficiency  spectra  for  individual  algal  cdls  iixlicate  that  the  dominant  pigments  are  chi  a  and 
c,  consistent  with  a  diatom  dominated  population  (Fig.  3a).  The  absorption  by  the  carotenoid  accessory 
pigments  was  minimal  in  these  cdls  as  can  be  seen  by  the  lack  of  a  significant  absorption  peak  or  shoulder 
between  450  to  SSO  nm.  The  absorption  efficiency  spectra  for  individual  detrital  particles  decreased  fi^om 
blue  to  red  with  a  alight  shoulder  at  510  nm  (Fig.  3b). 

A  histogram  of  particle  diameters  was  constructed  from  the  microscopic  analysis  of  particles  concentrated 
on  a  filter.  This  histr^ram  was  compared  to  a  normalized  particle  size  distribution  (tetermined  uang  the 
Galai  CISlOO  (Fig.  4).  Because  the  Calai  landmnly  samples  partide  diameters,  the  probability  of 
intersecting  a  rectangle  along  the  minor  axes  is  greater  thw  that  along  the  mayor  axis.  Thus  the  microscope- 
based  Instogram  was  scaled  to  the  probability  of  axis  etKounter.  For  example,  a  partide  with  a  minor  axis 
(width)  of  4  pm  atul  a  miyor  axis  (length)  of  12  pm  was  divided  into  I-pm  intervals  such  that  a  total  of  16 
possible  intersections  were  obtained  (4  ler^th  wise,  12  widthwise).  Ilie  probability  histogram  would  be 
at  4  pm  and  25%  at  12  prtL  The  reconstructed  histogram  agreed  will  with  the  measured  histogram.  It 
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Fig.  2,  Particle  volume  distributions  for  (a)  the  first  year  ice  from  the  Chukchi  Sea,  (b) 
the  first  year  ice  from  Elson  Lagoon,  and  (c)  multiyear  ice  from  the  Chukchi  Sea 
Note  the  different  scales  Particle  volumes  were  determined  from  measurements  of 
particle  diameters  assuming  spherical  particles.  The  peak  at  4  pm  was  identified  as 
a  pennate  diatom  with  minor  axis  length  of  4  pm  and  major  axis  length  of  8  to  12 
pm  The  particles  responsible  for  peaks  occurring  from  10  to  30  pm  were 
identified  as  large  aggregates  of  organic  material  (floes)  colonized  by  bacteria  The 
particles  of  diameters  <4  pm  were  identified  as  spherical  bacteria  and  detrital 
particles 
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Fig.  3.  Absorption  efficiency  spectra  for  (a)  intact  algal  cells  and  (b)  detrital  particles  for  the 
0  -  15  cm  section  of  the  Chukchi  first  year  ice  core.  The  bold  spectrum  in  (b)  is  used  in  the 
modeled  bulk  absorption  spectrum  in  Fig.  5. 
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Fig.  4.  Normalized  particle  size  distributions 
measured  microscopically  (open  circles)  and 
with  the  Galai  CISlOO  Particle  size  Analyzer 
(solid  circles)  on  the  0-15  cm  section  of  the 
Chukchi  first  year  ice  core.  The  error  bars 
represent  ±  1  standard  deviation  for  triplicate 
measurements. 


should  be  noted  that  only  32  particles  were  identified  microscopically  while  the  Galai  measured  over  30,000 
particle  diameters.  This  likely  accounts  for  the  underestimation  of  the  larger  sized  particles  by  microscopy. 

Using  the  particle  size  distribution  measured  by  the  Galai  and  the  absorption  efficiency  factors  for  individual 
particles  in  the  appropriate  size  class,  bulk  absorption  coefficients  were  determined  from  Mie  theory'^: 

a[m‘]  =  ZQ„G,N,  (1) 

where  the  summation  i  =  4  to  30  pm  (the  largest  observed  particle  diameter),  Qi^  is  the  particle  absorption 
efficiency,  G|  is  particle  cross  sectional  area,  and  N|  is  the  particle  coiKentration  of  particles  in  size  class  i. 
The  reconstructed  absorption  spectrum  was  compared  to  the  bulk  absorption  spectrum  (Fig.  5).  The 
magnitude  of  the  reconstructed  spectrum  overestimated  the  measured  bulk  absorption  spectrum  by 
approximately  25%.  The  shape  of  the  reconstructed  spectrum  is  dominated  by  absorption  features 
associated  with  algal  pigments  (absorption  peaks  at  440  and  675  nm),  while  the  bulk  absorption  spectrum 
appears  mote  detrital  with  a  much  smaller  absorption  peak  at  675  nm  and  no  apparent  peak  at  440  nm. 
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Fig.  S.  Measured  bulk  particulate  absorption 
spectrum  (bold)  for  the  0-15  cm  section  of 
Chukchi  Sea  first  year  ice.  The 
reconstructed  absorption  spectrum  (solid)  is 
given  by  equation  (1)  with  particle  size 
distributions  measured  by  the  Galai  (Fig.  4 
un-normalized)  and  absorption  efficiency 
spectra  in  Fig.  3  assigned  to  the  appropriate 
particle  size  interval.  The  modeled 
reconstructed  absorption  spectrum  (dashed) 
assigned  a  detrital  to  algal  particle  ratio  of 
15:1  and  the  detrital  efficiency  spectrum 
shown  as  the  bold  line  if  Fig.  3b 


A  model  based  upon  modification  of  the  reconstruction  was  developed  to  better  estimate  the  balk  absorption 
spectrum.  The  PSD  measured  by  the  Galai  indicated  that  there  was  considerable  concemrations  of  particles 
with  diameters  less  than  4  pm,  the  minimal  diameter  recorded  by  microscopy.  These  particles  were 
identified  as  bacteria  which  have  absorption  spectra  similar  to  an  exponentially-decaying  detrital  absorption 
spectnun  (bold  spectrum  in  Fig.  3b).  By  increasing  the  proportion  of  detrital  to  phytoplankton  absorption 
efficiencies  to  15:1  and  assigning  the  bacterial  absorption  spectrum  to  the  detrital  Auction,  the  reconstructed 
bulk  absorption  spectrum  more  accurately  predicts  the  magnitude  and  spectra)  shape  of  the  measured 
spectrum  (Fig.  5). 

3.3  Absorption  prqxrties  of particles  and  dissolved  material 

The  bulk  absorption  mectra  observed  for  all  three  ice  types  varied  from  purely  detrital  in  appearance 
(decaying  exponential' j  to  those  with  strong  red  absorption  peaks  due  to  chi  (Fig.  6a).  The  range  in  the 
bulk  particulate  absorption  coefficients  was  approximately  25%  in  the  Elson  Lagoon  first  year  ice,  4-fold  in 
the  multiyear  ice,  and  over  an  order  of  magnitude  in  the  Chukchi  first  year  ice.  The  absorption  spectra  for 
the  dissolved  fiuction  was  approximately  the  same  magnitude  as  that  for  the  particulate  ‘‘-action.  The  largest 
coefficients  were  observed  in  the  Chukchi  first  year  ice.  However  the  ratio  of  the  contributions  of  dissolved 
to  particulate  absorption  coefficients  was  greater  in  the  Elson  Lagoon  first  year  ice  than  in  the  Chukchi  first 
year  ice  or  multiyear  ice  ( I ;  1  vs.  1:4  and  2:3,  respectively,  at  400  nm). 

The  ultraviolet  absorption  coefficients  for  the  dissolved  fraction  were  approximately  two  orders  of 
magnitude  greater  than  the  absorption  coefficients  in  the  viable  (Fig.  6c).  The  absorption  coefficient  at  200 
nm  was  strongly  corrdated  vnth  the  bulk  salinity  (Fig.  6d). 

The  distribution  of  total  absorption  coefficients  due  to  the  marine-derived  particulate  and  dissolved  material 
within  the  ice  column  was  approximately  the  same  as  that  of  chi  although  the  range  was  not  as  large  (Fig. 
7a).  These  absorption  coefficients  represent  a  significant  increase  over  the  absorption  coefficients  due  to 
pure  crystalline  ice".  In  the  presence  of  incident  solar  irradiance  a  greater  portion  of  the  short  wave 
radiation  will  be  trapped  in  the  ice  column.  The  increased  absorbed  radiation  will  cause  localized  heating 
and  increased  temperatures  in  the  ice  column.  The  depth  dependem  change  in  temperature  in  the  ice 
column,  AT(z),  due  to  the  additional  absorption  by  the  particulate  and  dissolved  material  over  that  of  pure 
ice,  Aa(z),  was  calculated  from: 


pc«t 


(2) 
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Fig.  6.  Range  of  spectral  absorption  coefficients  for  the  (a)  particulate,  ap(X),  and  (b  and 
c)  dissolved,  ag(A,),  fractions  in  Chukchi  Sea  first  year  ice  (bold),  Elson  Lagoon  first  year 
ice  (dashed),  and  multiyear  ice  (solid),  (d)  Absorption  coefficient  for  the  dissolved 
fraction  at  200  nm  vs.  bulk  salinity.  Symbols  as  in  Fig.  1,  lines  are  best  fit  by  eye. 

where  E(z)  is  the  depth  dependent  itradiance  calculated  from  a  surfrue  irradiance  value  of  SCO  Wm'^  over 
the  wavelength  range  400  to  750  nm'^  and  the  irradiance  attenuation  for  ice  thickness  given  by  Maykut  and 
Grenfell’  for  sea  ice  with  no  snow  covering  (from  their  Fig.  7).  t  is  the  time  period  of  solar  heating  (10  h),  p 
is  the  density  of  sea  ice  (taken  to  be  90%  of  the  density  of  sea  water),  and  is  the  specific  heat  of  sea  ice”. 
The  AT  calculated  in  this  manner  range  from  0.01  to  3  °C,  with  the  largest  predicted  heating  occurring  in  the 
first  year  ice. 


4  CONCLUSIONS 

Algal  biomass  was  found  throughout  the  ice  profiles  of  all  three  ice  types.  Maximal  concentrations  occurred 
in  association  with  brine  drainage  features  or  with  fine  grain  ice  structures.  Minimal  concentrations  were 
observed  in  the  congelation  ice  zones.  These  results  are  consistent  with  observations  in  Antarctic  sea  ice 
where  enhanced  concentrations  of  chlorophyll”  and  viable  foraminifera^  have  been  found  in  the  frazil  ice. 
Laboratory  experiments  confirm  that  algae  and  other  particles  are  accumulated  into  sea  ice  by  concentration 
in  the  frazil  icc“'  . 
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Fig.  7.  (a)  Absorption  coefficient  of  the  particulate  and  dissolved  fractions  at  400  nm  for 
the  three  ice  types.  Vertical  line  indicates  tlw  absorption  coefficient  of  pure  ice’  at  400 
nm.  (b)  Change  in  bulk  ice  temperature  over  a  solar  day  as  calculated  with  equation  (2) 
due  to  enhanced  absorption  by  the  entrapped  particulate  and  dissolved  material.  Syndx>ls 
and  error  bars  as  in  Fig.  1 . 

Interior  algal  communities  in  the  Antarctic  have  been  ^wn  to  exhibit  local  growth’.  The  algal  populations 
observed  in  the  first  year  ice  in  this  study  appear  viable  in  as  much  as  chi  was  not  d^iaded  to  pheopigments 
and  the  absorption  spectra  for  the  inffividual  cells  were  characteristic  of  relatively  healthy  cdls,  albeit 
depleted  in  carotenoid  pigments.  Fluorescence  excitation  spectra  measured  on  the  individual  algal  cdls  (R. 
Iturriaga,  unpub.  data)  suggest  that  the  photosystems  are  intact  and  thus  the  cells  may  be  actively  growing. 
Productivity  measurements  of  these  populations  are  needed  to  assess  their  contribution  to  total  primary 
production  in  sea  ice. 

The  absorption  efficiency  spectra  for  the  detrital  particles  differed  spectrally  from  measured  bulk  detrital 
absorption  spectra'^.  The  detrital  particles  measured  were  large  aggr^ates  >S  pm  in  diameter  (the  mqority 
were  10  to  30  pm  in  diameter).  The  feature  in  Qad(^)  d  approximatdy  500  nm  may  have  been  due  to 
minerals  caught  in  the  aggregates’  or  due  to  cytochromes  in  the  colonizing  bacteria’’. 

Bulk  absorption  coefficients  have  previously  been  deconvolved  into  the  phytoplankton  and  detrital 
components  of  absorption  efficiency’^  which  suggested  that  merging  scales  of  optical  measurements  fn>m 
bulk  to  individual  particles  was  possible.  In  this  study,  die  inverse  approach  was  taken,  to  reconstruct  the 
bulk  absorption  from  the  sum  of  the  individual  parts.  The  utility  of  this  approach  is  to  understand  how 
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variability  in  the  individual  absorption  efficiencies  is  translated  into  variability  in  bulk  coefficients.  The 
reconstruction  of  the  bulk  particle  absorption  coefficient  front  the  individual  particle  absorption  efficiency 
spectra  for  a  first  year  ice  sample  was  within  25%  of  the  magnitude  of  the  measured  spectrum.  However, 
the  spectral  composition  of  the  reconstructed  spectrum  indicated  that  the  algal  component  was 
overestimated  relative  to  that  in  the  bulk  absorption  spectrum.  The  particles  below  microscopic  detection 
(<4  pm)  where  observed  to  be  unattached  bacteria  and  detrital  particles.  If  that  fraction  was  included  in  the 
reconstruction,  and  was  defined  to  be  characterized  by  the  exponentially  decaying  absorption  efficiency 
spectrum,  the  reconstructed  absorption  was  more  similar  in  magnitude  and  spectral  composition  to  the 
measured  bulk  absorption  spectrum.  This  indicates  that  the  small  particles  (<4  pm)  contribute  significantly 
to  the  particulate  absorption  coefficients  in  sea  ice. 

The  particulate  absorption  spectra  observed  in  these  samples  were  approximately  the  same  magnitude  as 
those  observed  in  multiyear  and  refrozen  lead  ice  in  the  Eastern  Arctic^  which  were  found  to  have 
significant  effects  on  the  magnitude  and  spectral  composition  of  the  irradiance  field  in  the  ice.  The 
absorption  coefficients  of  the  dissolved  material  was  found  to  be  25  to  100%  of  the  particulate  absorption 
coefficients  (400-750  nm  range)  in  all  ice  types.  The  contribution  of  this  fraction  should  therefore  not  be 
neglected  in  optical  modeling.  The  absorption  coefficients  of  the  dissolved  fraction  in  the  ultraviolet  part  of 
the  spectrum  were  found  to  be  comparable  with  the  absorption  coefficients  measured  on  pure  ice  (0.2  to  1 .4 
m"‘  at  250  nm  compared  with  0.7  m'*  for  pure  ice^^  and  6  to  98  m"'  at  200  nm  compare  with  10  to  100  m"' 
for  pure  ice^’).  The  increase  in  the  absorption  of  ultraviolet  light  due  to  the  presence  of  particulate  and 
dissolved  organic  material  minimizes  the  amount  of  dama^g  ultraviolet  light  that  will  penetrate  the  ice 
column  and  potentially  damage  the  bottom  algal  populations^^. 

The  relationship  between  the  dissolved  absorption  coefficient  and  salinity  is  intriguing  as  it  is  not  merdy  a 
dilution  of  a  salt  or  some  component  that  covaries  with  salinity.  That  the  change  in  slope  occurs  within  the 
multiyear  ice  core  also  indicates  that  the  relationship  is  not  ice-type  dependent.  The  slope  that  occurs  at 
salinities  greater  than  0.5  ppt  gives  no  indication  of  asymptotic  behavior  as  would  be  expected  if  Beet's  Law 
were  being  violated  in  the  spectrophotometric  measurement.  The  component  responsible  for  the  absorption 
needs  to  be  identified.  If,  perhsms,  a  particular  ion  is  responsible,  and  some  fractionation  of  that  ion  occurs 
in  the  drainage  of  multiyear  ice^  ,  the  relationship  in  Fig.  6d  could  be  explained  and  the  ultraviolet  absorption 
coefficient  might  be  another  tool  for  determining  the  chemical  composition  of  sea  ice. 

The  absorption  coefficients  of  the  particulate  and  dissolved  material  entrapped  in  sea  are  non-negligible  with 
respect  to  absorption  by  pure  ice.  While  it  has  been  previously  shown  that  the  presence  of  particles  (algal  or 
detrital)  changes  the  spectral  distribution  of  irradiance  in  sea  ice*'  the  effect  of  this  absorbed  radiation  has 
not  been  quantified  in  terms  of  heating  rates.  For  the  absorption  coefficients  nteasured  in  this  study,  the 
estimated  temperature  changes  were  maximal  at  the  surface  of  the  ice  where  irradiance  is  highest  but  were 
still  significant  1  to  2  m  downcore.  These  estimates  were  for  snow  free  ice  and  thus  they  provide  an  upper 
range  for  temperature  changes  over  a  10  h  solar  day.  A  10  cm  layer  of  snow  would  decrease  the  AT(z) 
values  by  approximately  30%;  still  significant  changes  in  temperature.  Thus,  the  presence  of  particles  in  sea 
ice  might  stimulate  the  springtime  melting  rates  of  entire  sea  ice  column,  with  nuudmal  rates  occurring  at 
maximal  concentrations  of  particulate  and  dissolved  material.  The  absorption  coefficiems  measured  in  this 
study  were  bulk  coefficients  and  thus  the  calculated  AT(z)  values  represent  bulk  heating.  If  however,  the 
particulate  and  dissolved  material  was  isolated  in  brine  pockets  or  in  limited  spaces  between  ice  grains,  then 
the  effective  absorption  would  be  occurring  on  much  smaller  spatial  scales  as  would  the  effective  AT(z) 
values.  Thus,  the  changes  in  temperature  would  have  a  much  greater  impact  on  the  ice  structure  in  the 
region  of  enhanced  absorption. 
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ABSTRACT 

An  apparatus  has  been  developed  to  measure  the  optical  scattering  of  laser  light  from  the 
water-ice  interface  of  sea  ice.  To  avoid  changes  that  occur  in  the  optical  characteristics  of 
inhomogeneous  natural  sea  ice  when  removed  from  its  environment,  this  apparatus  operates  in 
situ.  Testing  with  this  apparatus  was  conducted  on  shore-fast  ice  at  Resolute  Bay  in  Canada.  We 
investigated  the  capabilities  of  this  apparatus  to  measure  in  situ  scattering  profiles  from  the 
underside  of  the  ice  (the  water-ice  interface)  as  a  function  of  detector  angle.  Testing  was  conducted 
on  ice  containing  biological  material  in  the  bottom  layer  and  on  ice  clear^  of  0.5  cm  of  this  bottom 
layer.  Results  were  compared  to  characterize  the  optical  effects  of  the  biological  material  layer. 


1.  INTRODUCTION 

Knowledge  of  the  optical  properties  of  sea  ice  is  critical  for  optical  remote  sensing  analysis, 
under-ice  bio-optical  measurements,  and  polar  energy  balance  research.  However,  opticd 
propagation  in  sea  ice  is  not  well  characterized.  The  optical  properties  of  sea  ice  are  affected  by 
many  variables,  including  ice  thickness,  surface  conditions^,  dissolved  and  particulate 
components^,  air  bubble  content^,  brine  volume'*,  and  growth  history^.  Inherent  optical  properties 
of  ice  are  difficult  to  measure  in  situ,  but  these  properties  change  when  the  ice  is  removed  fnm  its 
environment. 

The  goal  of  this  research  is  to  determine  the  optical  characteristics  of  the  water-ice  interface 
as  a  function  of  its  morphological/physical  properties.  The  optical  properties  of  the  water-ice 
interface  strongly  influence  the  under-ice  light  fields,  and  the  capabilities  of  optical  remote  sensors 
employed  under  the  ice.  In  order  to  measure  the  optical  characteristics  of  the  water-ice  interface, 
an  optical  apparatus  was  constructed  to  direct  a  pulsed,  frequency  doubled  Nd:YAG  laser  beam 
(emitting  at  532  nm)  upward  onto  a  selected  spot  on  the  water-ice  interface,  and  measure  the  profile 
of  the  backscattered  light. 


2.  TECHNICAL  APPROACH 

Two  optical  test  units  were  constructed  for  this  research.  Both  of  these  test  units  were 
designed  to  be  deployed  from  the  surface.  The  Erst  test  unit  was  designed  to  measure  the  effects 
of  diver  operations  on  the  water-ice  interface  by  monitoring  the  under-ice  ambient  light  field.  This 
test  unit  contained  a  detector  that  was  deployed  under  the  ice  to  measure  ambient  light  (figure  1). 
The  under-ice  detector  was  mounted  on  a  125  cm  arm  to  minimize  the  optical  effer  of  the 
deployment  hole  on  the  measurements.  The  detector  arm  folded  for  deployment  at  1  retrieval  of  the 
detector. 
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Fig.  1.  Under-ice  ambient  light  monitm*  diagram. 

The  second  test  unit  was  designed  to  measure  backscatter  profiles  from  the  water-ice 
interface.  This  test  unit  contained  a  detector  carriage  mounted  on  a  two  meter  horizontal 
underwater  track  that  was  deployed  under  the  ice  (figure  2).  A  frequency  doubled  Nd:YAG  laser 


Fig.  2.  Under-ice  beam  profile  apparatus  diagram  and  photograph  (insert). 
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was  mounted  at  the  far  end  of  the  track.  The  detector  caniage  could  be  moved  to  any  position 
along  the  track.  The  detector  carriage  contained  an  avalanche  photodiode  (APD)  that  was  used  to 
map  spatial  profiles  of  the  light  backscattered  from  the  laser  beam.  This  detector  had  a  field  of 
view  of  approximately  2°.  An  interference  filter  was  mounted  in  front  of  the  APD  detector  to 
minimize  ambient  light  noise.  The  APD  detector  mount  was  adjustable  so  that  spatial  profiles  of 
the  reflected  laser  light  could  be  measured  as  a  function  of  detector  look  angle.  However,  the 
detector  look  angles  could  not  be  adjusted  from  the  surface.  Therefore,  divers  were  used  to  set  the 
detector  look  angle. 


3.  EXPERIMENTAL  PROCEDURE 

Testing  was  conducted  on  shore-fast  ice  at  Resolute  Bay  in  Canada  in  May  of  1993.  Ice  in 
the  test  area  was  approximately  1.65  meters  thick.  Monitoring  of  the  under-ice  ambient  light  field 
began  on  8  May.  For  these  tests,  an  undisturbed  site  was  chosen.  After  an  access  hole  was 
drilled,  the  ambient  light  monitor  was  deployed  under  tlie  ice.  Ambient  light  measurements  were 
taken  as  a  function  of  position  and  time  to  determine  the  effects  of  diver  activity  on  the  water-ice 
interface  (figure  3). 


Fig.  3.  Monitoring  the  under-ice  ambient  light  field  on  8  May  1993. 

Preliminary  testing  of  the  beam  profile  apparatus  was  also  conducted  on  8  May.  A  1.5  m2 
hole  was  cut  in  the  ice  for  diver  access.  The  apparatus  was  initially  deployed  through  this  hole  to 
allow  observation  from  the  surface,  streamline  cx>mmunicati(Hi  with  divers,  and  simplify 
deployment  during  shakedown.  The  apparatus  was  deployed  vertically  through  the  access  hole. 
Hie  under-ice  track  was  positively  buoyant  One  end  of  the  track  was  attached  to  the  vertical 
column  with  an  elbow  joint  to  allow  the  track  to  rotate  into  position.  Weights  attached  to  the  free 
end  of  the  under-ice  track  via  cable  were  used  to  submerge  ^e  track  and  maintain  it  in  a  vertical 
position.  When  the  track  was  submerged  below  the  water-ice  interface,  the  weights  were  raised, 
allowing  the  track  to  float  upward,  rotating  at  the  joint  until  the  legs  at  the  free  end  of  the  track 
came  into  contact  with  the  ice.  The  track  was  then  levelled  by  adjusting  the  depth  of  the  joint  to 
compensate  for  depth  variations  of  the  water-ice  interface.  Hie  laser  was  aligned  to  transmit 
upward,  perpendicular  to  the  track.  Backscatter  measurements  were  then  taken  as  a  function  of 
position  by  moving  the  detector  carriage  along  the  track.  The  (tetector  carriage  could  be  positioned 
along  the  track  by  divers  (figure  4)  or  by  an  operate  on  the  surface.  When  the  detector  look  angle 
was  changed,  the  detector  carriage  was  positioned  next  to  the  joint  so  that  a  diver  could  set  the 
detector  angle  without  disturbing  the  test  site. 
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Fig.  4.  Diver  positioning  the  detector  carriage  for  backscatter  profile  measurements. 


On  9  May  the  beam  profile  apparatus  was  deployed  at  an  undisturbed  site  where  the  water- 
ice  interface  contained  a  layer  of  biological  material.  Backscatter  profiles  from  the  water-ice 
interface  were  measured  for  detector  look  angles  of  0°,  15°,  30°,  45°,  and  60°,  where  0°  represents 
the  detector  positioned  vertically  kxiking  directly  up  at  the  ice.  Once  this  series  of  measurements 
was  completed,  divers  removed  a  layer  approximately  0.5  cm  thick  from  the  underside  of  the  ice 
over  an  area  of  approximately  0.2  m2  centered  where  the  laser  spot  was  incident  on  the  water-ice 
interface  (figure  5).  Backscatter  profile  measurements  as  a  function  of  detector  look  angle  were 
then  repeated  for  this  section  of  ice.  A  lambertian  scatterer  was  then  placed  against  the  ice  and 
backscatter  measurements  were  taken  for  comparison. 


a  b 

Fig.  5.  Photographs  of  (a)  a  diver  removing  0.5  cm  layer  from  the  underside  of  the 
ice  above  the  laser,  and  (b)  the  underside  of  the  ice  after  the  layer  was  mmoved. 


Testing  was  suspended  on  10  May  due  to  blizzard  conditions.  On  1 1  May,  the  la.ser  was 
removed  from  the  apparatus  and  mounted  above  the  ice  propagating  downward.  The  apparatus 
was  deployed  under  the  ice  and  u.sed  to  measure  profiles  of  the  laser  beam  transmitted  through  the 
ice.  Transmission  profiles  were  taken  for  ice  thicknesses  of  1.65  m,  1.26  m,  and  0.85  m.  and  for 
detector  l(X)k  angles  of  0°,  15°,  30°,  and  45°.  Different  thicknesses  were  achieved  by  drilling  down 
into  the  ice  to  a  set  depth,  then  transmitting  the  laser  through  the  remaining  ice  thickness.  Before 
making  transmission  measurements,  the  ice  surface  at  the  bottom  of  the  drilled  hole  was  smoothed 
and  a  small  amount  of  seawater  was  applied  to  minimize  surface  effects.  After  the.se  measurements 
were  completed,  divers  again  removed  a  layer  approximately  0.5  cm  thick  from  the  underside  of 
the  ice,  and  another  scries  of  transmission  profiles  was  taken. 
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Relative  ambient  light  level 


-  undisturbed  interface 

-  interface  after  diver  activity 


Fig.  6.  Under-ice  ambient  light  data.  Fig.  7.  Trapped  air  bubble  causing  refraction  of 

scattered  laser  light. 


After  transmission  measurements  were  completed,  the  laser  was  mounted  on  the  apparatus, 
and  the  apparatus  was  moved  to  an  undisturbed  site.  Backscatter  profiles  from  the  water-ice 
interface  were  measured  for  detector  look  angles  of  0®,  15®,  30®,  45®,  and  60®. 


4.  RESULTS 

Data  from  the  under-ice  ambient  light  monitor  (figure  6)  and  diver  observations  (figure  5) 
demonstrated  that  diver  operations  affected  the  optical  properties  of  the  water-ice  interface. 
Bubbles  trapped  under  the  ice  affected  optical  propagation  directly  by  creating  an  interface  that 
produced  refractive  effects  (figure  7).  Over  a  matter  of  hours,  trapp^  bubbles  also  caused 
depletion  of  the  biological  material  and  some  melting  of  the  ice  surface  above  them.  Therefore, 
procedures  were  followed  to  keep  divers  from  disturbing  the  test  sites. 

Water  transmission  was  measured  on  9  May  and  1 1  May.  The  attenuation  coefficient  for 
the  water  was  0.1 1  m-i  on  9  May  and  0.12  m-i  on  1 1  May.  Both  of  these  values  were  constant  to 
a  depth  of  10  meters. 

Backscatter  profiles  from  the  water-ice  interface  were  measured  as  a  function  of  detector 
look  angle  before  and  after  divers  removed  a  0.5  cm  layer  firom  the  underside  of  the  ice  in  the 
region  of  laser  incidence.  Results  of  these  tests  were  compared  to  determine  the  optical  effects  of 
the  biological  material.  From  figure  8,  it  is  evident  that  the  presence  of  the  biological  material 
significantly  reduced  the  received  laser  light.  The  normalized  backscatter  profiles  show  that  the 
biological  material  also  reduced  the  detectable  beamspread.  A  comparison  of  the  backscatter  fixHn 
the  ice  at  30®  with  and  without  the  0.5  cm  layer  to  that  of  the  lambertian  scatterer  at  30®  is  shown  in 
figure  9.  Backscatter  measurements  were  also  made  on  1 1  May.  Backscatter  results  from  9  May 
and  1 1  May  are  compared  in  figure  10.  Significant  differences  were  observed  in  the  backscatter 
profiles  from  different  locations. 
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Hg.  8.  Comparison  of  ice  backscatter  profiles  taken  before  and  after  a  O.S  cm  layer  was  removed 
from  the  bottom  of  the  ice:  received  signal  (mV)  and  normalized  signal  versus  displacement  (cm). 
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Transmission  profiles  are  presented  in  figure  1 1.  These  profiles  show  that,  for  the  detector 
look  angles  investigate  the  intensity  of  the  transmitted  beam  was  nearly  independent  of  detector 
look  angle.  Beamwidths  were  calculated  for  each  ice  thickness  tested.  The  average  value  for 
beamwidth  at  full  width,  half  maximum  (FWHM)  was  approximately  1.08  m  after  transmission 
through  1.6S  m  of  ice,  0.75  m  after  transmission  through  1.26  m  of  ice,  and  0.62  m  after 
transmission  through  0.85  m  of  ice.  Beam  attenuation  coefficients  were  calculated  fnr  different 
layers  of  ice.  The  average  attenuation  coefficients  were  3.55  m-i  for  the  upper  39  cm  of  ice,  0.65 
m-i  for  the  central  portion  of  the  ice,  and  10.9  m*i  for  the  0.5  cm  layer  of  ice  containing  bidogical 
material. 
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Fig.  10.  GMTiparison  of  ice  backscatter  profiles  taken  on  9  May  with  those  taken  on  1 1  May  at  a 
different  location:  received  signal  (mV)  and  nonnaliz^  signal  versus  displacement  (cm). 


SPIE  Vol.  22S8  Ocean  Optics  XII  (1994)  /  95 1 


0.845  m  of  ice 

0.5  cm  bottom  layer  removed 


o  0® 

•  15® 

♦  30® 
A  45® 


0®  -  0.845  m 


0.85  m 
4  of  Ice 


•A  ♦ 

•  4A 


o  •  ^  ♦ 

• 

Ik 

f  4  .t 

♦a  »o 

\  ^  ^ 
e 

i  ♦ 


A  1.26  m  of  ice  a 


0-f- 

-150 


AAidi 


4V 

1-65 


4 

•‘14.  W* 


oo7^»  ^ 

.65  m  of  ice 

ooo^O'^WX^y 


-100 


Fig.  1 1 .  Transmission  profiles  as  a  function  of  detector  look  angle  for  ice 
thicknesses  of  1.65  meters,  1.26  meters,  0.85  meters,  and 
0.845  meters  (0.5  cm  of  the  bottom  layer  removed). 
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An  attenuation  coefficient  was  also  calculated  for  the  biological  material  using  the 
backscatter  data.  For  this  calculation,  we  assumed  that  the  backscatter  from  the  biological  material 
was  small  relative  to  that  of  the  ice  and  that  large-angle  multiple  scattering  was  negligible.  We  also 
assumed  that  the  majority  of  the  backscattered  laser  light  propagated  completely  through  the  0.S  cm 
layer,  was  scattered,  then  propagated  back  through  the  0.5  cm  layer  at  the  angle  it  was  detected. 
With  these  assumptions,  we  obtained  attenuation  coefficient  values  of  17.5  m-i  at  60®,  13.3  m-i  at 
45®,  and  38.5  m-i  at  30®.  These  correspond  fairly  well  with  the  attenuation  coefficient  calculated 
from  the  transmission  data,  and  with  the  values  obtained  by  G.F.  Cota"^.  Sources  of  the 
differences  in  attenuation  values  include  the  surface  roughness  and  variability  of  the  water-ice 
interface,  surface  effects  caused  by  removal  of  the  bottom  layer  of  the  ice,  variations  in  the 
thickness  of  the  removed  layer,  and  changes  in  the  biological  material  concentration. 


5.  CONCLUSION 

The  under-ice  beam  profile  apparatus  was  used  to  measure  the  backscatter  profile  from  the 
underside  of  the  ice  as  a  function  of  detector  look  angle.  The  backscatter  measurements  showed 
that  a  significant  amount  of  light  (greater  than  10%  of  the  lambertian  return  for  the  detector  look 
angles  tested)  is  backscattered  fiom  the  underside  of  the  ice.  However,  the  backscattered  signal 
was  strongly  influenced  by  location  and  by  the  amount  of  biological  material  present  in  the  tottom 
layer  of  the  ice. 
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ABSTRACT 

A  recently  developed  radiative  transfer  model  is  applied  to  study  the  transport  of  photosynthetically 
active  radiation  (PAR)  in  the  whole  coupled  atmosphere,  sea  ice  and  ocean  system.  This  model  rigorously 
accounts  for  the  multiple  scattering  and  absorption  by  the  atmospheric  molecules,  clouds,  snow  and 
sea  water,  as  well  as  the  brine  pockets  and  air  bubbles  trapped  in  sea  ice.  Both  the  spectral  distribution 
and  the  seasonal  variation  of  PAR  at  various  levels  in  the  ice  and  ocean  have  been  investigated  for 
different  conditions.  Results  show  that  clouds,  snow  and  ice  algae  all  have  important  effects  on  the 
PAR  availability  to  the  microbial  community  under  ice.  For  example,  10  cm  of  new  snow  can  reduce  the 
total  PAR  entering  the  ocean  under  a  1.0  m  of  ice  by  a  factor  of  10.  The  algae  in  the  ice  also  significantly 
alters  the  spectral  distribution  of  PAR  transmitted  to  the  ocean.  Compared  with  the  effects  of  clouds, 
snow  and  ice  algae,  the  effect  of  changes  in  the  amount  of  ozone  in  the  atmosphere,  the  main  absorptive 
gas  in  the  PAR  spectrum,  on  the  amount  of  PAR  entering  the  ice  and  ocean  is  negligible.  The  total  PAR 
transmitted  to  the  ocean  is  also  sensitive  to  the  ice  thickness,  especially  when  the  ice  is  thin  and  the 
solar  elevation  is  high.  Clouds  not  only  reduce  the  total  PAR  entering  the  ocean,  but  also  reduce  the 
sensitivity  of  this  PAR  variation  to  the  variation  in  ice  thickness. 

1.  INTRODUCTION 

In  the  polar  oceans,  light  transmission  through  the  atmosphere  and  sea  ice  is  essential  to  the  growth 
of  plankton  and  algae.' Understanding  the  physical  conditions  that  affect  the  growth  of  plankton 
and  algae  is  not  only  of  interest  in  its  own  right,  but  as  this  material  represents  primary  production 
upon  which  the  food  chains  of  the  polar  oceans  are  based,  it  is  a  requisite  to  understanding  the 
behavior  of  the  complete  marine  ecosystem  in  such  regions.  The  atmosphere  is  almost  transparent  to 
photosynthetically  active  radiation  (PAR).  Within  the  spectral  region  of  PAR  (400  nm~700  nm),  ozone 
is  the  only  absorptive  gas  of  significance  present  in  the  atmosphere.  Even  clouds  and  sea  ice  have  a 
relatively  weak  absorption  in  this  part  of  the  spectrum.  In  addition,  nearly  40%  of  the  extra*terrestrial 
solar  radiation  lies  within  this  narrow  spectral  region  and  much  more  than  40%  of  the  total  solar 
radiation  incident  on  the  ice  surface  is  within  the  PAR  range,  depending  on  the  atmospheric  conditions. 
Therefore,  PAR  constitutes  the  main  light  resource  for  the  primary  productivity  in  the  ice*covered 
oceans.  PAR  also  experiences  much  greater  seasonal  variability  and  rapid  temporal  variations  at  high 
latitudes.  Clouds  and  snow  as  well  as  the  amount  and  distribution  of  algae  within  the  ice  also  have 
a  significant  impact  on  the  light  availability  under  sea  ice.  To  quantify  the  light  transport  in  the 
atmosphere,  snow,  sea  ice  and  ocean,  we  have  developed  a  radiative  transfer  model  for  this  coupled 
system.  Our  purpose  here  is  to  study  the  transfer  of  PAR  in  this  system,  and  to  quantify  the  effects 
of  clouds,  snow  and  algae  as  well  as  ozone  in  the  atmosphere  on  the  available  light  for  photosynthesis 
both  within  the  ice  and  in  the  ocean  below. 
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2.  MODEL  DESCRIPTION 


The  discrete  ordinate  method  has  been  used  to  solve  the  radiative  transfer  equation  in  the  coupled 
atmosphere,  sea  ice  and  ocean  system.  The  theoretical  treatment  is  described  by  Jin  and  Stamnes.^ 
For  convenience,  we  give  a  brief  description  here.  The  main  difference  in  solving  the  radiative  transfer 
equation  consistently  in  such  a  coupled  system  from  a  solution  that  treats  only  the  atmosphere  is 
caused  by  the  changes  in  refractive  index  across  the  air-ice  or  air-water  interface.  The  reflection  and 
refraction  occiirring  at  these  interfaces  give  rise  to  different  source  terms  in  the  transfer  equation, 
and  therefore  to  different  solutions.  In  addition,  they  complicate  the  continuity  conditions  across 
the  interface.  To  take  into  account  the  refraction  and  reflection  automatically  and  solve  the  transfer 
equation  consistently  in  the  whole  system,  different  and  appropriate  quadrature  directions  (streams) 
and  weights  have  been  applied  in  the  atmosphere,  sea  ice  and  ocean.  The  same  number  of  streams  is 
used  in  the  atmosphere  and  the  refractive  region  of  the  ice  and  ocean  that  communicate  directly  with 
the  atmosphere.  In  addition,  separate  streams  are  adopted  to  take  into  accotmt  the  total  reflection 
region  in  the  ice  and  ocean.  The  choice  of  stream  numbers  is  flexible  and  may  be  tailored  to  satisfy 
competing  requirements  of  computational  accuracy  and  speed.  The  atmosphere,  ice  and  ocean  each 
can  be  divided  into  a  sufficient  number  of  layers  to  adequately  resolve  the  optical  properties.  The 
computational  speed  is  proportional  to  the  number  of  layers  in  the  model,  but  entirely  independent  of 
the  optical  depth  of  individual  layers  (and  thus  of  the  total  optical  depth). 

Within  the  atmosphere,  we  consider  the  absorption  and  scattering  by  atmospheric  gases,  clouds  and 
aerosols.  The  optical  properties  of  clouds  are  parameterized  in  terms  of  the  equivalent  droplet  radius 
and  the  liquid  water  content  of  clouds,^'*'*  an  approach  which  has  been  proven  to  produce  satisfactory 
results. 

The  optical  properties  of  snow  including  possible  soot  contamination  are  obtained  through  Mie 
computations,  which  require  the  refractive  index  of  ice/soot  and  the  mean  radius  of  snow  grains  and 
soot  particles  as  input.*’  We  have  adopted  the  model  of  Wiscombe  and  Warren^,  whose  results  for 
computed  snow  albedo  agree  well  with  available  field  measurements. 

In  sea  ice,  the  processes  considered  include  absorption  by  pure  ice,  as  well  as  scattering  and 
absorption  by  brine  pockets  and  air  bubbles  trapped  within  the  ice  as  described  by  Grenfell^.  To  obtain 
the  optical  properties  for  the  bulk  ice,  the  relative  amounts  of  each  component  in  a  given  voliune  in  the 
sea  ice  have  to  be  determined.  Based  on  the  work  by  Cox  and  Weeks,^  certain  relations  exist  among 
the  brine  volume  fraction,  air  volume  fraction,  salinity  (5),  temperature  (T),  bulk  density  (p),  and  pure 
ice  density  (pi)  due  to  the  phase  equilibrium  constraints.  Therefore,  the  brine  volume  fraction  (Vi,r)  and 
the  air  volume  fraction  (H»)  can  be  determined  by 


Vbr  =  pS/Fx(T) 

(1) 

Vu  =  l--  +  pSF2{T)/Fi{T) 

Pi 

(2) 

where  Fi  (T),  F2(T),  C(T)  and  p,  are  parameterized  functions  of  temperature. 

The  optical  properties  of  the  brine  pockets  and  air  bubbles  are  obtained  from  Mie  calculations^.  The 
absorption  coefficient  for  piire  ice  is  based  on  the  data  sets  reported  by  Grenfell  and  Perovich’*’  and 
Warren."  The  chlorophyll  a  specific  absorption  coefficient  for  sea  ice  microalgae  was  kindly  provided 
to  us  Arrigo."  Therefore,  the  attenuation  in  the  sea  ice  is  related  to  the  ice  temperature,  density 
and  salinity  as  well  as  to  the  ice  algae  concentration,  which  may  vary  from  layer  to  layer. 
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In  the  ocean,  scattering  and  absorption  coefficients  of  the  sea  water  are  taken  firom  Smith  and 
Baker.^^  Only  pure  sea  water  is  considered  in  this  work.  We  have  neglected  the  refraction  at  the 
ice-ocean  interface,  because  the  refiractive  indices  of  water  and  ice  are  very  similar  within  the  spectral 
region  of  PAR. 

3.  RESULTS  AND  DISCUSSION 

In  the  following  computations,  we  adopt  the  McClatchey  atmosphere  model  for  the  subarctic 
summer'^  and  the  atmosphere  is  divided  into  25  layers.  In  the  spectral  region  of  PAR,  atmospheric 


Downwellina  Irradionce  at  Various  Deaths  in  the  Sea  Ice 
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Downwelling  Irradionce  ot  Various  Depths  in  the  Under— ice  Oceon 
(a).  Clear  sky  (b).  Cloudy  sky 
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Figure  1:  The  spectral  distribution  of  downwelling  irradiance  at  various  depths  in  the  sea  ice  and  ocean 
for  clear  skies  and  cloudy  skies  respectively.  Ice  thickness  is  s]>ec.ified  to  be  2.0  m,  salinity  8%o  ,  density 
0.9  Mg/m^  and  solar  elevation  30". 
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absorption  is  mainly  by  ozone.  The  ozone  profile  is  also  taken  from  the  McClatchey  atmosphere 
while  the  absorption  cross  section  of  ozone  and  the  scattering  cross  section  by  air  molecules  are  taken 
from  a  compilation  by  WMO.^°  For  sea  ice,  we  assume  a  constant  salinity  of  8%o  and  a  constant 
density  of  0.90My/m^.  We  will  also  assume  that  there  is  a  linear  temperature  profile  with  the  bottom 
temperature  of  the  ice  fixed  at  The  ice  is  divided  into  4  layers.  In  the  ocean,  we  will  neglect 

vertical  variations  in  the  properties  of  sea  water  and  consider  it  as  one  homogeneous  layer.  Also,  we 
will  apply  16  streams  in  the  atmosphere  and  28  streams  in  the  ice  and  ocean  in  most  of  the  following 
computations,  which  provides  a  computational  accuraqr  better  than  1%. 

Using  the  atmosphere,  sea  ice  and  ocean  models  described  above.  We  show  Figure  1  the  spectral 
distribution  of  PAR  at  different  levels  in  the  ice  and  in  the  ocean  respectively.  The  ice  is  assumed  to 
have  a  thickness  of  2.0  m  and  surface  temperature  of —\b°C.  The  spectral  distribution  of  PAR  incident 
at  the  top  of  atmosphere  is  from  Nicolet^^  and  the  solar  elevation  is  specified  to  be  30°. 

In  the  right  panels  of  Figure  1,  we  have  included  a  layer  of  low-level  stratiform  cloud  in  the 
atmosphere,  a  condition  which  is  known  to  be  persistent  and  extensive  in  the  summer  Arctic.*^’^^  The 
cloud  is  specified  to  have  an  equivalent  droplet  radius  of  7  fim  and  a  water  content  of  0.3  g/m^,  with  a 
thickness  of  400  m  and  cloud  base  at  600  m,  values  typical  for  the  Arctic  summer  stratus. 

Oownwelling  Irrodionce  at  the  Ire  Bose  for  Different  Snow  Cover  Thicknesses 
(o).  New  snow  (b).  Old  snow 


Wovelength  (nm)  Wovelength  (nm) 

Figure  2:  The  spectral  distribution  of  downwelling  irradiance  at  the  ice  base  as  affected  by  the  thickness 
and  type  of  snow  cover  on  the  surface.  The  same  atmosphere,  sea  ice  and  ocean  models  are  used  as  in 
Figure  1.  The  ice  thickness  is  taken  to  be  1.0  m  and  the  skies  are  assumed  to  be  clear.  The  values  on 
each  line  denote  the  snow  thickness. 

Snow  cover  is  another  prevalent  feature  in  the  high  latitude  oceans.  Based  on  field  observations, 
new  snow  has  a  smaller  grain  size  and  a  lesser  density  than  melting  old  snow.  We  spedfy  a  mean  grain 
radius  of  100  /im  and  density  of  0.2  Mg/m^  as  representative  of  new  snow,  and  a  grain  radius  of  1000 
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/im  and  density  of  0.45  Mg/rn^  as  representative  of  melting  old  snow.  The  simulated  downwelling 
irradiance  at  the  ice  base  for  different  snow  thicknesses  is  shown  in  Figure  2.  The  same  atmosphere, 
sea  ice  and  ocean  models  as  above  are  used  here,  but  the  ice  thickness  is  specified  as  1.0  m.  Figure  2 
shows  that  the  snow  significantly  reduces  the  light  availability  under  the  ice,  especially  for  the  new 
snow.  Only  10  cm  of  new  snow  can  reduce  the  irradiance  at  the  ice  base  by  a  factor  of  10.  Because  of 
the  small  grain  size,  new  snow  efficiently  scatters  light  back  to  the  atmosphere. 

The  ice  algae  has  been  shown 
to  have  a  important  impact  on  li^t 
transmission  into  the  ocean.*'*^  In¬ 
cluding  a  layer  of  algae  in  the  lowest 
40  cm  of  ice,  we  show  in  Figure  3  the 
downwelling  irradiance  at  the  ice 
base  for  four  different  chlorophyll  a 
concentrations  (0, 100,  250  and  500 
mg/in^).  The  results  indicate  that 
the  presence  of  algae  not  only  re¬ 
duces  the  light  transmission,  but  it 
also  significantly  changes  the  spec¬ 
tral  distribution  of  PAR  entering 
the  ocean.  The  spectral  alteration 
of  the  transmitted  light  is  well  cor¬ 
related  to  the  spectrum  of  the  chi 
n  absorption  coefficient  for  sea  ice 
microalgae,  which  exhibits  two  big 
absorption  peaks  in  the  PAR  spec¬ 
trum  (the  dotted  curve  in  Figure 
3). 

Although  the  daily  solar  radia¬ 
tion  at  high  latitudes  experiences  a 
greater  seasonal  variability  than  at 
lower  latitudes,  the  pattern  of  tem¬ 
poral  change  of  daily  PAR  is  similar 
to  the  pattern  of  noon  value  evolu¬ 
tion.  Figure  4  shows  the  temporal 
variation  of  the  total  PAR  as  calculated  at  78" N  at  local  noon  under  a  clear  sky  and  a  cloudy  slqr 
respectively.  The  same  atmosphere,  cloud,  sea  ice  and  ocean  models  as  above  have  been  adopted  and 
the  surface  is  assumed  to  be  snow-free.  The  right  panels  demonstrate  the  corresponding  decrease  of 
total  PAR  relative  to  the  clear  sky  conditions  at  three  levels  due  to  the  presence  of  the  cloud.  The 
results  show  that  a  decrease  in  PAR  over  50%  can  occur  for  the  typical  Arctic  cloud  used  here.  Althou^ 
the  absolute  decreases  at  every  level  show  a  maximum  at  the  summer  solstice,  the  relative  changes 
show  a  minimiun  at  this  time.  This  is  caused  by  different  solar  elevations  at  noon  on  different  days. 

Similarly,  Figure  5  shows  the  downwelling  PAR  at  the  same  1.0  m  ice  base  at  78°  N  at  local  noon 
for  clear  skies  and  four  different  snow  and  ice  conditions:  (i)  without  snow  on  the  ice  surface  or  algae 
in  the  ice,  conditions  which  represent  an  upper  limit;  (ii)  snow-free  but  with  a  layer  of  algae  with  a 


Wavelength  (nm) 


Figure  3:  The  downwelling  irradiance  entering  the  ocean  un¬ 
der  a  1.0  m  thick  sea  ice  sheet  for  various  ice  algae  concentra¬ 
tions.  The  algae  is  assuine<l  to  occur  in  the  low^t  40  cm  of  the 
ice.  The  values  on  each  line  represent  the  chi  a  concentration 
{mg/m^).  The  dotted  line  represents  the  chi  «  specific  alxsori>- 
tion  coefficient  for  sea  ice  microalgae. 
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Figure  4:  Seasonal  variation  of  total  PAR.  at  the  surface,  at  the  base  of  a  1.0  in  thick  ice  sheet  and  at 
10  m  depth  in  the  ocean  under  clear  skies  ainl  cloinly  skies  respectively.  The  right  panels  demonstrate 
the  corresponding  relative  ileciease  <lue  to  the  presence  of  cloud.  The  same  atmosphere,  cloud,  sea  ice 
and  ocean  model  as  almve  are  axiopted.  Values  are  derived  at  latitude  7H"N  at  local  noon. 
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Figure  5:  Total  riowiiwelliiig  PAR  entering  the  ocean  unrler  a  I.O  in  of  ice  for  four  different  conditions: 
(i)  clear  sky  without  snow  on  surface  an<l  algae  in  ice,  hence  represents  an  up|)er  limit;  (ii)  including  a 
layer  of  algae  with  chi  a  concentration  of  100  (iii)  with  a  10  cm  layer  of  melting  old  snow  and 

(iv)  with  10  cm  of  new  snow.  The  right  panel  shows  the  corres|>onding  decrease  of  PAR  relative  to  the 
“clear”  case. 

chi  a  concentration  of  100  vuj/m'*  in  the  lowest  40  cm  of  ice;  (iii)  with  a  10  cm  layer  of  melting  old 
snow  and  (iv)  with  a  10  cm  of  new  snow.  The  algae  and  snow  models  are  the  same  as  discussed  earlier. 
The  results  show  that  10  cm  of  new  snow  can  reduce  the  PAR  available  at  the  ice  base  by  90%.  The 
independence  of  the  relative  change  caused  by  algae  to  the  day  number  or  the  solar  elevation  is  due  to 
the  fact  that  only  the  absorption  is  considered  for  the  ice  algae  and  the  direct  component  of  the  solar 
radiation  is  negligible  in  the  algae  layer. 

Acting  as  the  only  significant  absorptive  gas  affecting  the  transfer  of  PAR  in  the  atmosphere,  ozone 
is  another  factor  affecting  the  availability  of  PAR  to  the  marine  microbial  communities  existing  under 
sea  ice  covers.  Here  we  take  the  total  column  ozone  abundance  of  350  DU  as  normal.  Figure  6  shows 
the  seasonal  variation  of  PAR  at  three  different  levels  and  three  different  ozone  depletion  scenarios. 
The  right  panels  show  the  corresponding  increases  of  PAR  for  the  ozone  depletion  scenarios  of 250  DU 
(30%  less  than  normal)  and  175  DU  (50%  less  than  normal).  Depending  on  the  solar  elevation,  a  50% 
ozone  depletion  yields  an  increase  in  total  PAR  at  the  ice  base  as  well  as  at  10  m  depth  in  the  ocean 
less  than  4%,  a  minor  change  compsured  with  the  impacts  of  clouds,  snow  and  algae  as  shown  above. 

Figure  7  shows  the  downwelling  PAR  at  the  ice  base  as  a  function  of  the  ice  thickness  for  different 
solar  elevations  under  a  clear  sky  and  a  cloudy  sky  respectively.  Obviously,  ice  thickness  has  a 
significant  effect  on  the  light  transmission  into  the  ocean,  especially  when  the  ice  is  thin.  Higher 
solar  elevations  enhance  this  ice  thickness  dependence.  Not  only  do  clouds  drastically  reduce  the  PAR 
entering  the  ocean,  but  they  also  reduce  the  sensitivity  of  the  variation  of  the  \mder-ice  PAR  to  the 
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Relative  Increase  to  Normal 


Incident  PAR  on  Surface 


Downwelling  PAR  at  Ice  Base 


Downwelllng  PAR  at  10m  in  Ocean 


Figure  6:  Similar  to  Figure  4,  but  showing  the  ozone  effect  under  clear  skies.  The  total  column  ozone 
abundance  of  350  DU  is  taken  as  normal.  The  increases  of  total  PAR  relative  to  normal  values  are  shown 
in  the  right  figures  for  two  ozone  depletion  scenarios  (250  DU,  30%  less  than  normal  and  175  DU,  50% 
less  than  normal). 
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Downwelling  PAR  at  the  Ice  Base  for  Different  Solar  Elevations 
(a).  Clear  sky  (b).  Cloudy  sky 


0.0  0.5  1.0  1.5  2.0  0.0  0.5  1.0  1.5  2.0 

Ice  Thickness  (m)  Ice  Thickness  (m) 

Figure  7:  Total  downwelling  PAR  entering  the  ocean  as  a  function  of  ice  thickness  for  various  solar 
elevations. 

ice  thickness.  This  is  due  to  the  relative  increase  in  the  diffuse  irradiance  (as  compared  to  the  direct 
component)  for  cloudy  conditions. 

4.  CONCLUSION 

The  transport  of  the  photosynthetically  active  radiation  in  the  atmosphere,  snow,  ice  and  ocean 
column  has  been  studied  by  implementing  a  newly  developed  radiative  transfer  model  for  the  coupled 
atmosphere,  ice  and  ocean  system.  This  model  solves  the  radiative  transfer  equation  in  the  whole 
system  consistently  and  automatically  takes  into  account  the  refraction  and  reflection  at  the  air- 
ice  interface.  The  atmosphere,  sea  ice  and  ocean  are  divided  into  a  sufficient  number  of  layers  to 
adequately  resolve  the  variations  in  their  optical  properties.  Cloud  effects  have  been  incorporated  by 
parameterizing  their  optical  properties  in  terms  of  liquid  water  content  and  cloud  droplet  equivalent 
radius.  The  optical  properties  of  brine  pockets  and  air  bubbles  trapped  in  the  ice  are  obtained  throus^ 
Mie  calculations,  which  are  based  on  the  fraction  volume  of  each  component  which,  in  turn,  is  derived 
from  the  temperature,  density  and  salinity  of  the  sea  ice.  The  model  rigorously  accounts  for  multiple 
scattering.  The  number  of  streams  depends  on  the  refractive  index  and  can  be  specified  based  on  ones 
accuracy  requirements. 

The  modeling  results  show  that  clouds,  snow  and  ice  algae  all  have  significant  effects  on  the 
transport  of  PAR  in  the  sea  ice  and  ocean.  A  10  cm  layer  of  new  snow  is  sufficient  to  reduce  by  90% 
the  total  PAR  available  to  the  marine  biological  communities  under  ice.  The  ice  algae  also  drastically 
changes  the  spectral  distribution  of  PAR  transmitted  through  the  ice.  Although  it  is  acting  as  the  main 
absorptive  gas  in  the  spectral  region  of  PAR,  the  ozone  in  the  atmosphere  has  a  negligible  effect  on 
the  light  available  to  the  biosphere  under  the  ice  when  compared  with  the  effects  of  clouds,  snow  and 
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algae.  A  50%  ozone  depletion  would  increase  the  total  PAR  by  less  than  4%  at  any  level  in  the  ice  and 
ocean.  The  total  PAR  transmitted  through  the  ice  is  sensitive  to  ice  thickness,  especially  when  the  ice 
is  thin  and  the  solar  elevation  is  high.  Clouds  not  only  reduce  the  PAR  amoimt  in  the  ocean,  but  also 
reduce  the  sensitivity  of  the  available  PAR  under  the  ice  to  variations  in  ice  thickness. 
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ABSTRACT 

Beam  spread  measuremoits  ^‘^ve  beer  ade  on  sea  ice  samples  and  used  to  develop 
estimates  of  the  volume  scattering  lunction  a .  ^mall  scattering  angles.  In  this  technique  Gaussian-like 
modelled  beam  spread  functions  (BSF)  are  used  to  derive  the  modulation  transfer  fimcdon  (MTF) 
and  Well’s  theory  is  applied  to  estimate  the  voluir^  scattering  function  for  the  sea  ice  medium.  A 
Monte  Carlo  model  for  beam  propagation  through  homograeous  sea  ice  layers  was  used  to  estimate 
beam  spreading  and  the  surface  distributions  of  irradiance  and  radiance.  Light  scattering  was 
assumed  to  occur  from  the  presence  of  spherical  bubbles  trapped  within  the  ice.  Volume  scattering 
functions  used  in  the  model  were  calculated  with  Mie  theory  or  drived  from  measured  BSF’s.  The 
BSF’s  generated  by  the  model,  using  estimated  optical  properties,  were  found  to  be  comparable  to 
those  derived  from  the  transforms  over  a  range  of  ice  thicknesses.  The  scattering  transform 
technique  was  applied  to  beam  spread  data  collected  during  Arctic  and  laboratory  experimoits  for 
samples  of  young,  first  year,  and  multiyear  ice  to  dc^ve  estimated  MTF  values.  Requirements  and 
limitations  for  applying  this  technique  to  sea  ice  are  discussed. 

1.  INTRODUCTION 

In  sea  ice,  optical  scattering  properties  are  highly  dq)endait  on  the  intricate  structure  of  air 
bubbles,  brine  channels,  and  internal  platelet  boundaries  and  considered  important  to  the  estimation 
of  the  visible  radiative  transfer  through  the  Arctic  sea  ice  cover.  Variability  in  optical  properties 
results  from  changes  in  the  size  and  shape  of  these  structural  features  induced  by  seasonal 
morphological  changes  to  the  ice  sheet.  Phytoplankton  and  detrital  particles  can  also  be  present  in 
large  quantities  to  both  absorb  and  scatty  light.  Measurement  of  the  BSF  may  be  the  most  direct 
means  to  characterize  scattering  for  such  a  complex  and  highly  variable  medium.  Volume  scatt^ing 
measurements  have  been  previously  made  on  sea  ice  samples  over  large  angles  in  the  laboratory  but 
have  not  beoi  made  for  small  angle  forward  scattering  angles*.  Extensive  fidd  measurements  of 
beam  qnread  will  improve  knowledge  of  light  scattering  phoiomena  in  sea  ice  and  its  relationship  to 
observed  physical  properties.  These  physical  properties  impact  the  optical  albedo  and  transmission  of 
the  ice  sheet  and  snow  cover  which  are  essoitial  to  understanding  seasonal  short  and  long  wave 
radiation  exchanges.  For  sea  ice,  frequently  the  greatest  concentration  of  discrete  scatterers  is  found 
in  the  upper  portitm  of  the  ice  sheet  as  associated  with  desalination  processes  in  first  year  ice  and 
formation  of  a  bubbly  low  density  ice  (LDI)  layers  in  multiyear  mdQxmds  and  hummocks.  Physical 
measurement  of  these  bubbles  in  multiyear  ice  samples  (0.1  -  5mm  dia.)  can  be  made  from 
microscqnc  analysis  of  ice  core  thin  sections.  Analysis  of  q>tical  beam  scattering  is  directly  related 
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to  these  ice  characterizations. 


Beam  spread  measurement  techniques  have  been  applied  by  several  investigators  to  samples 
of  Arctic  sea  ice  and  laboratory  growth  saline  ice^*^.  In  the  preset  work,  the  beam  spread 
measurements  are  first  used  to  derive  the  modulation  transfer  function  (NfTF)  using  a  Fourier-Bessel 
transform.  The  MTF  was  then  used  to  estimate  the  volume  scattering  fimction,  for  small 
angles.  For  thin  snow  and  many  sea  ice  samples,  the  beam  spread  functions  frequently  displayed  a 
Gaussian  sh£q)e.  Transmission  was  measured  for  snow  and  sea  ice  samples  as  the  loss  along  the 
beam  axis  made  as  a  function  of  sample  thickness.  These  measurements  provide  an  estimate  of 
beam  extinction.  The  scattering  coefficient  (<r)  can  be  estimated  as  the  difference  between  absorption 
(a)  and  beam  extinction  (c,  c  =  a+u).  An  estimate  of  the  MTF  for  the  entire  ice  sheet  can  be 
obtained  as  the  product  of  individual  layers  which  can  have  large  variability  in  optical  properties. 

2.  BEAM  SPREAD  FUNCTIONS 


A  collimated  light  beam  through  sea  ice  will  produce  a  blur  distribution  or  beam  spread 
function  BSF,  f(x,r),  which  is  dependent  on  the  off-axis  distance,  x,  and  the  sample  thickness,  r. 

The  corresponding  MTF,  F(^,r),  is  a  function  of  the  spatial  frequency, (cyc./cm),  and  r.  The 
medium  MTF  describes  how  spatial  frequencies  are  attoiuated  with  thickness.  The  BSF  spread 
function  can  be  expressed  in  units  of  flux  per  unit  solid  angle  at  an  angle  6  off  axis  per  unit  of  flux 
transmitted^.  Alternatively,  one  can  express  the  blur  function  as  irradiance  with  units  of  watts  per  m^ 
at  radius  R  from  the  source  for  a  detector  of  area^. 


Referoice  to  an  azimuthal  angle  can  be  dr(^)ped  because  the  BSF  is  assumed  to  be  circularly 
symmetric  which  is  consistent  also  with  field  observations.  The  Fourier  transform  of  the  BSF  in  this 
case  becomes  the  Fourier-Bessel  transform  and  defines  the  (^tical  transfer  function  (OTF)  with 
modulus  MTF  and  phase  PTF(=0).  The  small  angle  tq>proximation  is  used  implicitly  in  tiiis  theory 
since  sin(x)  is  replace  by  x  in  the  Bessel  integral. 


F(if,r)  =  2njir^{2nxi^)f  (x,  r)  xdx 

O 


(1) 


The  Well’s  transform  can  be  used  to  derive  an  estimate  of  the  small  angle  volume  scattering 
function,  oiff),  from  the  MTF*.  This  theory  incorporates  all  orders  of  multiple  scattering.  The 
irradiance,  ^0,r),  associated  with  beam  spread  is  used  to  derive  the  volume  scattering  function.  The 
Fourier-Bessel  transform  to  the  radiative  transfer  equation  is  written  as‘: 


dF(»,r) 

dr 


-cF(^,r)  +  H(^)F(^,r) 


(2) 


where  H(^)  is  the  Fouria-Bessel  of  0(0)  and  the  transform  of  the  source  term  is  eliminated. 
Solution  to  the  this  linear  differential  equation  is: 

F(t,r)  =  (3) 

In  the  above  equation,  F(0,^)  is  effectively  the  MTF  for  the  narrow  beam  incident  on  the  ice 
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sample.  The  MTF  for  ice  layer,  F*(r,^)  is  then  givai  as: 


F(»,r) 


(4) 


Thus,  to  resolve  the  MTF  for  an  ice  layer  one  needs  simply  two  slabs  of  differoit  thickness 
preferably  measured,  in  situ,  using  layer  stripping  techniques.  It  is  assumed  that  the  ice  intrinsic 
optical  properties  are  the  same  for  both  samples.  The  ratio  of  the  MTF’s,  as  obtained  by  equation 
(4)  from  the  measurement  data,  will  yield  an  estimate  of  MTF  for  sea  ice  with  thickness  equal  to  the 
difference  in  the  two  sample  slabs,  llie  MTF  can  then  be  inverted  using  equation  (3)  to  d^ve  H(^) 
followed  by  the  transform  of  equation  (1)  to  estimate  the  small  angle  forward  volume  scattering 
function.  Iliis  theory  was  developed  for  a  homogeneous  medium.  Sea  ice  is  a  very  inhomogoieous 
medium  so  stability  and  validity  of  these  transforms  may  be  very  important  to  any  small  angle 
scattering  estimates. 


3.  MEASllREMENTS 

Optical  transmission  and  beam  spreading  data  were  gathered  during  the  April  1992  LEADEX 
(Leads  Experiment)  conducted  in  the  Beaufort  Sea  to  study  atmospheric,  ice,  and  ocean 
interactions^.  Thin  slabs  with  parallel  faces  (l-20cm  thick)  of  lead,  first  year,  and  multiyear  ice 
types  were  taken  from  cores  and  placed  in  a  2cm  diameter  collimated  laser  beam.  The  resulting 
diffuse  beam  spread  pattern  due  to  scattering  in  the  ice  sample  was  recorded  using  an  array 
detection  system.  Measurements  were  also  made  by  placing  a  laser  (Nd:YAG  S32nm)  source,  in 
situ,  beneath  the  ice  with  the  beam  directed  upward  and  the  resulting  beam  spread  pattern  was 
measured  by  sliding  an  irradiance  detector  along  the  ice  surfsice.  The  beam  had  an  approximate 
diameter  of  2cm  and  divergence  of  12mrad.  The  signal  was  chopped  to  s^>arate  it  from  bacl^round 
illumination  resulting  in  a  possible  measuremoit  signal  to  noise  ratio  of  70  dB.  The  sample  slabs 
were  all  maintained  below  the  eutectic  point  so  that  brine  pockets  were  optically  stabilized. 

4.  MODEL  STUDIES 

Beam  spreading  model  calculations  were  made  by  directing  photons  from  a  laser  beam 
upward  through  a  composite  set  of  sea  ice  and  snow  layers  to  a  linear  detector  array  position  on  the 
surface  and  centered  on  the  beam.  A  Monte  Carlo  model  was  constructed  to  simulate  the  associated 
multiple  scattering  processes.  Simulation  models  have  several  advantages  over  analytical  models 
since  the  divergence  of  the  laser  beam,  multiple  scattering  effects,  and  Mie  scattering  can  be 
included.  However,  they  are  limited  by  the  statistics  of  counting  individual  photon  evoits  and  the 
accuracy  of  physical  models.  In  the  present  model  specification  of  the  location  of  inclusions,  such  as 
bubbles  and  brine  channels,  was  not  included  and  the  ice  layers  were  assumed  to  be  horizontally  and 
vertically  homograeous.  The  ocean-ice,  ice-snow,  and  snow-air  boundaries  were  all  assumed  to  be 
flat  in  the  preset  case,  but  statistically  rough  surfaces  will  be  added  to  future  versions.  In  its 
present  form,  the  model  simulates  a  photon  randomly  walking  through  a  uniform  scattering  medium 
with  straight  segmoits  followed  by  directional  changes  caused  by  either  by  volumetric  scattering  or 
surface  reflection  (ice-air  interface  only).  A  uniform  random  number  generator  selects  the  lengths 
for  each  segmmt  and  angles  of  scattering  from  an  appropriate  cumulative  probability  distribution.  A 
truncated  distribution  forces  scattering  within  the  re^ct^  volume  and  improves  model  efficioicy. 
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The  next  scattering  event  determines  the  direction  of  the  next  photon  s^ment.  The  angular 
distribution  of  scattering  was  assumed  to  be  azimuthally  symmetric  and  the  azimuthal  angle  was 
selected  from  a  uniform  distribution.  The  Mie  scattering  was  calculated  at  every  0.001  d^ree  from 
0  to  0.1  degrees,  at  every  0.01  degree  from  0.1  to  1  degree,  at  every  0.1  d^rees  from  1  to  10 
degrees,  and  at  1  degree  intervals  elsewhere.  The  cpd  values  were  cidculated  and  assembled  into  a 
look-up  table.  Sample  scattering  angles  were  found  by  uring  a  uniform  random  number  generator  to 
select  a  cpd  value,  searching  this  table  to  find  the  closest  value,  and  interpolating  between  values  to 
determine  the  exact  scattering  angle.  All  photons  are  forced  to  stay  within  the  scattering  medium 
until  the  cumulative  weight  reaches  a  preset  minimum  or  the  photon  is  scattered  to  the  detector. 
Only  a  very  small  error  is  introduced  by  photons  scattered  out  of  the  medium  and  subsequently 
scatter  back  into  the  medium  and  eventually  to  the  detector.  The  photon  probability  for  returning  to 
the  receiver  is  calculated  at  each  scattering  and  reflective  event. 

Paix)  =  WpPfxele'"-'*’ (5) 


where  P^fx)  is  the  probability  of  detection  at  position  x  on  the  detector  array,  is  photon  weight, 
Rjfx)  is  the  distance  to  position  x  within  the  scattering  medium  and  R(x)  is  the  distance  to  the 
detector,  and  c  is  the  attenuation  coefficient.  Forward  and  backward  scattering  probabilities  were 
determined  directly  by  integrating  the  forward  and  backward  hemispheres  respectively  of  the  volume 
scattering  phase  function. 

The  numerical  Fourier-Bessel  transform  was  used  to  calculate  the  MTF  from  the  measured 
beam  spread  data  and  to  estimate  the  small  angle  volume  scattering  function  from  the  MTF  using 
the  method  described  previously.  In  this  inverse  opmation,  stability  of  the  numerically  transform  is 
more  difficult  to  maintain.  The  scattering  angle  spacing  needs  to  be  adjusted  in  the  forward  peak  to 
get  satisfactory  estimates.  For  this  reason,  an  ad^tive  Labatto  quadrature  technique  was 
implemented.  The  adaptive  quadrature  makes  suljustments  to  the  angle  spacing  automatically.  In  this 
technique  the  integration  intervals  are  bisected  rq)eatedly  and  diffoences  examined  after  each 
iteration  until  convergence  is  achieved.  Thus,  in  this  procedure  the  int^rand  is  evaluated  over  a  fine 
mesh  of  points  where  it  is  rsq>idly  varying  and  otherwise  over  a  coarse  mesh.  Characteristically,  if 
the  beam  spread  data  are  Gaussian  then  the  MTF  will  be  Gaussian  and  also  the  scattering  function. 

5.  RESULTS 

Individual  beam  spread  scan  measurements  were  found  frequently  to  have  a  highly  variable 
profile  due  to  the  presence  of  individual  volumetric  and  surface  scatterers  as  illustrated  by  the 
example  in  Figure  1.  Multiple  prorile  from  the  same  set  of  ice  samples  was  used  to  estimate  an 
average  beam  spread  profile  which  has  Gaussian  shape.  Examples  of  the  beam  spread  functitms  were 
developed  from  the  measurements  made  during  LEADEX  on  lead,  first  year,  and  multiyear  ice,  to 
calculate  the  MTF’s  as  shown  in  Figure  2.  The  MTF’s  were  then  used  with  estimates  of  beam 
extinction  to  derive  corresponding  estimates  of  the  small  angle  volume  scattering  function.  These 
estimates  are  shown  in  Figure  3  for  the  three  example  ice  types.  The  oscillations  in  the  scattering 
function  at  1  mrad  are  thought  to  be  Gibbs  artifacts  due  to  the  finite  width  of  the  numerical 
transform.  Work  is  continuing  to  remove  these  artifacts  from  the  numerical  transform.  One 
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s^roach  is  to  assume  the  beam  spread  functicms  are  Gaussian  and  force  the  products  at  each  stq>  to 
a  Gaussian  fit. 

The  Monte  Carlo  model  was  used  to  simulate  beam  spreading  through  selected  thicknesses  of 
lead  ice  by  directing  the  Guassian  shaped  laser  beam  upward  perpoidicular  through  the  ice  sample. 
The  index  of  refraction  was  assumed  constant  for  sea  ice  and  ocean  water.  The  detector  array  was 
placed  in  contact  with  the  ice  surface  and  centered  on  the  beam.  Scattering  properties  were  assumed 
to  be  uniform  within  the  sample  slab  and  the  estimated  volume  scattming  function  for  lead  ice  with 
the  artifact  oscillation  removed  was  used  to  calculate  the  cumulative  distribution  probabilities.  A 
single  scattering  albedo  value  of  0.99  was  used  in  this  analysis.  The  model  goierated  beam 
q>reading  patterns  are  shown  in  Figure  4  for  3cm,  10cm,  and  40cm  thick  slabs.  Simulations  were 
also  made  for  1cm,  and  16cm  ice  thicknesses.  The  3cm  and  SOcm  pattern,  have  been  rescaled 
horizontally  (4X,0.SX)  to  facilitate  comparison.  The  numerical  Fourier  Bessel  transform  was  ai^lied 
to  the  spread  data  from  the  3cm  thick  slab  simulation  to  produce  the  MTF  transfer  function  shown 
in  Figure  5  which  compares  favorably  to  the  data  derived  MTF.  The  consistoicy  between  the 
simulated  beam  spread  data  with  that  implied  by  transform  relationships  was  examined  in  the 
following  comparison.  The  MTF  goierated  by  the  3cm  sample  was  used  with  equation  (4)  to 
estimate  the  MTF  at  other  ice  thicknesses.  These  estimates  were  conv^ted  to  beam  spread 
functions.  The  simulated  and  transform  derived  beam  spread  pattern  radiuses  are  compared  at  the 
one-half  peak  amplitudes  as  shown  in  Figure  6.  The  average  sl(^  of  these  curves  provides  an 
estimate  of  characteristic  beam  ^reading  for  the  ice  scattering  medium.  For  the  simulated  data,  this 
estimate  is  8.S  mm/cm  of  sample  thickness  and  for  the  transform  data  is  10.4mm/cm.  The  Add 
measurements  made  at  LEADEX  gave  beam  spreading  characteristics  in  the  range  of  7-11  mm/cm 
for  lead  ice  samples. 

6.  DISCUSSION  AND  CONCLUSIONS 

Small  angle  volume  scattering  properties  of  sea  ice  have  been  derived  from  measured  beam 
spread  data.  Application  of  this  approach  recognizes  the  need  for  such  information  to  more  fully 
understand  the  range  of  optical  scattering  in  sea  ice  and  to  support  multilayer  radiative  transfer 
models.  There  are  several  issues  surrounding  both  the  measurement  and  a^yris  techniques  which 
need  to  be  addressed.  The  numerical  transforms  wm  found  to  be  very  srasitive  to  fine  scale 
variability  and  possibly  noise  in  the  input  functions.  Smoothing  of  the  input  data  improves  stability 
but  may  also  reduce  accuracy.  Variability  of  the  scattering  phase  function  in  sea  ice  is  unknown,  but 
since  most  discrete  scanners  have  physical  dimoisions  much  larger  than  a  waveloigth  (i.e. 
scattering  efficiency  Q=2).  The  indexes  of  refraction  for  ice  and  air  bubbles  is  constant.  Under  thee 
circumstances  the  small  angle  forward  portion  of  the  phase  function  should  have  nearly  constant 
shape  as  suggested  by  the  results  shown  in  Figure  3.  Additional  investigation  is  needed  to  define  the 
shs^  of  the  phase  function  for  the  forward  scattering  peak  and  to  test  similarity  over  major  ice 
types  including  those  with  biological  particles.  Large  angle  measuremoits  are  also  needed  to  define 
the  volume  scattering  function.  The  useful  optical  thickness  limits  need  to  be  established  for 
plication  of  the  scattering  transform.  As  ^lied  here  the  transform  is  not  expected  to  work  in  the 
diffusion  regime.  In  addition  to  retrieval  of  scattering  properties,  beam  spread  measurements  are 
considered  valuable,  in  their  own  right,  to  the  optical  characterization  of  sea  ice. 
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Figure  2.  Derived  Modulation  Transfer  Functions  for  First  Year  Ice 
and  Multiyear  Hummock  Ice  Samples 


Figure  3.  Derived  Volumetric  Scattering  Functions  for  First  Year 
and  Multiyear  Ice  Cote  Samples 


RELATIVE  COUNTS 


SPATIAL  FREQ,  (cyc/cm) 

Figure  S.  Derived  Modulation  Transfer  Function  for  Simulated  Beam 
Spread  Pattern  for  3cm  Thick  Ice 
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Abstract 

Two  models  of  relative  spectral  reflectances  (semi-empirical  and  theoretical)  as  a  function  of  chlorophyll¬ 
like  pigment  concentrations  in  the  upper  layer  of  oceanic  waters  and  thus  absorption  and  scattering  proper¬ 
ties  of  phytoplankton  are  described.  I'hese  models  are  developed  on  the  basis  of  statistical  relationships 
between  measured  spectral  diffuse  attenuation  coefficients  and  chlorophyll  density  in  various  oceanic 
waters  (from  oligotrophic  to  eutrophic). 

The  semi-empirical  model  includes  new  spectral  irradiance  measurements  in  different  waters.  The 
strongly  nonlinear  regression  equation  (reflectance  versus  chlorophyll  concentration)  is  compared  with 
direct  measurements  giving  a  negligible  systematic  error  and  a  standard  deviation  of  only  15%  and  of 
20%,  if  applied  to  other  spectra. 

The  theoretical  model  is  based  on  the  principle  of  invariance  of  the  emergent  radiation  for  a  semi-infinite 
plane-parallel  medium,  the  delta  function  approximation  for  the  forward  scattering  peak,  the  approximate 
solution  of  the  radiative  transfer  equation  as  well  as  Cox  and  Munk’s  statistics  of  the  roughness  of  the  sea 
surface.  It  recovers  formulae  derived  by  others  with  more  complicated  models. 

Both  models  convert  reflectances  or  reflected  radiances  reliably  into  inherent  optical  phytoplankton  prop¬ 
erties  for  different  open  ocean  waters  indicating  no  need  for  a  regional  algorithm. 


976/SPIE  Vol.  2258  Ocean  Cities  XII  (1994) 


0^194-1 574-X/94/S6.00 


Introduction 


The  remote  measurement  of  water  colour  is  the  most  promising  way  to  monitor  the  biological  activity  on  a 
global  scale,  since  the  optical  properties  of  phytoplankton  are  responsible  for  part  of  the  water  colour 
changes.  Therefore,  the  evaluation  of  measured  spectra  of  reflected  relative  irradiance  at  the  sea  surface, 
is  a  basic  tool  for  the  monitoring  of  marine  ecosystems  (Gordon  et  al.,  1975;  Morel  and  Prieur,  1984; 
Kondratyev  and  Pozdnyakov,  1984).  The  reflectance  R^,  just  below  the  sea  surface  as  well  as  the  reflected 
spectral  radiance  p^,  depend  on  the  inherent  optical  properties  of  water  bodies,  mainly  from,  the  backscat- 
tering  coefficient  b^,^  and  the  absorption  coefficient  a^-  In  case  I  waters  (most  open  sea  waters  belong  to 
this  category)  these  coefficients  are  dominated  by  phytoplankton  and  its  detritus.  It  is  possible  to  take  the 
spectra  dominating  pigment  concentration  (chlorophyll-a  +  pheophytin-a)  as  a  measure  of  phytoplankton 
concentration.  Sometimes  even  primary  productivity  is  derived  with  some  further  assumptions. 

Many  scientists  have  attempted  to  classify  the  optical  properties  of  sea  water  bodies  through  the  determi¬ 
nation  of  the  statistical  dependence  between  the  in-situ  measured  spectral  diffuse  irradiance  attenuation 
coefficient  and  chlorophyll-a  density  Cg  (see  Smith  and  Baker,  1978;  Prieur  and  Sathyendranath, 
1981;  Morel,  1988;  Wozniak  and  Pelevin,  1991;  Wozniak  et  al.,  1992a,  b). 

In  the  present  paper  we  try  to  improve  the  formulae  for  the  relation  between  measured  spectral  reflected 
relative  irradiance  R;i_  or  reflected  relative  radiance  and  chlorophyll-a  density  Cg,  in  order  to  establish  a 
more  reliable  (remote  sensing)  algorithm. 

Our  two  approaches 

As  a  basis  for  this  general  algorithm  we  take  firstly  the  bio-optical  classification  of  natural  waters  by  Woz¬ 
niak  et  al.  (1992b),  i.e.  the  analytical  relationship  between  and  Cg  (see  Figure  1  and  Table  1),  derived 
from  about  1200  spectra  of  measured  in  many  different  water  bodies  with  chlorophyll-a  densities  rang¬ 
ing  from  very  oligotrophic  0.03  to  hyperthrophic  60  mg  m*^.  The  relative  accuracy  of  this  relation  is 
depending  on  the  wavelengths  chosen  and  on  the  trophic  type  of  the  water  body,  it  is  as  high  as  28%  but 
may  also  be  as  low  as  9%  in  some  cases  (for  the  definition  of  errors  see  Appendix  2). 


Table  1 :  Trophicity  types  and  the  chlorophyll-a-like  pigment  density  Cg  for  different  sea-water  bodies 


Trophicity  Type 

Cg  Range 
mg/m^ 

Cg  Average 
mg/m^ 

0-1 

<0.05 

0.035 

1 

o 

0.05-0.10 

0.07 

0-3 

0.10-0.20 

0.15 

M 

0.20  -  0.50 

0.35 

P 

0.50-  1.00 

0.7 

E-  1 

1.00-2.00 

1.5 
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Table  1:  Trophicity  types  and  the  chlorophyll-a-like  pigment  density  Cg  for  different  sea- water  bodies 


Trophicity  Type 

Cg  Range 
mg/nr 

Cg  Average 
mg/m^ 

E-2 

2.00  -  5.00 

3.5 

E-3 

5.00- 10.0 

7.0 

E-4 

10.0  -  20.0 

15 

O  =  oligotrophic  waters 

M  =  mesotrophic  waters 

P  =  intermediate  waters 

E  =  eutrophic  waters  divided  into  4-sub-types 

Fig.  1:  Spectra  of  diffuse  attenuation  coefficients  in  case  1  water  according  to  Wozniak’s  bio-optical  clas¬ 
sification:  a)  total  diffuse  attenuation  b)  attenuation  by  phytoplankton  Kp|  x;  c)  attenuation  of 
other  optically  active  substances  Chlorophyll-a-like  pigment  densities  for  trophicity  types 
0-1  to  E-4  are  given  in  Table  1. 

Secondly,  we  take  two  approaches  for  the  relation  between  Kjj  ^  or  Cg  and  R^.  The  first  is  called  semi- 
empirical  approach  because  we  just  combine  the  analytical  relation  between  K^j  x  and  Cg  as  shown  in  Fig¬ 
ure  1  and  measured  spectra  of  Pelevin  (1980)  relating  and  x  Figure  2).  The  second  one  applies 
the  principle  of  invariance  for  radiation  emerging  from  a  semi-infinite  plane  parallel  medium  if  layers  of 
arbitrary  thickness  are  added  or  subtracted  (Ambarzumyian  et  al.,  1952;  Chandrasekhar,  1960)  and  the 
della  function  approximation  for  forward  scattering  of  light  (see  e.g.  Potter,  1970)  to  the  equation  of  radia¬ 
tive  transfer  (Chandrasekhar,  1960).  We  call  this  approach  the  theoretical  model.  It  relates  R;^^  to  Cg  if  the 
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zenith  angle  of  the  Sun,  sea  sur<^ace  roughness  (windspeed)  and  atmospheric  turbidity  are  known. 


350  400  450  500  550  600  650 

Wavelength  [nm] 

Fig.  2:  Measured  averaged  spectra  of  relative  reflected  irradiance  R  for  varying  water  bodies.  Mean  chlo- 
rophyll-a  density  Cg  for  curves  1  to  6  is  0.013,  0.079,  0.25,  0.52,  1.87  and  4.5  mg/m^  (see  text); 
from  Pelevin,  1980. 

The  semi-empirical  approach 

This  approach  is  based  on  two  large  data  sets  and  their  statistical  evaluation  as  already  displayed  in  Figures 
1  and  2.  In  order  to  relate  and  compare  x  as  function  of  Cg  (Wozniak  et  al.,  1992b)  with  as  a  func¬ 
tion  of  Cg  (Pelevin,  1980)  we  have  taken 


-  0.32  (b^  )  /\i^  (1) 

from  Jerome  et  al.  (1987)  derived  from  Monte  Carlo  simulations  and  valid  for  0  ^  bj/a  ^  0.25  as  normally 
found  in  sea  water,  is  the  average  cosine  of  downwelling  radiance.  For  the  relative  radiance  reflected, 
pX,  Pelevin  and  Solomaha  (1989)  have  proposed 
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-  0.21  b^/ {a +  bfj) 


(2) 


which  is  accurate  to  better  than  10%  for  0.007  ^  Px  ^  0  07.  Since  Po  is  rather  constant  at  0.86  equation  (1) 
is  reduced  (see  Prieur  and  Sathyendranath,  1981;  Jerome  et  al.,  1987)  to 


=  0.37  ^/ay)  .  (3) 

Relating  absorption  and  diffuse  attenuation  by 

now  allows  to  simply  relate  and  bj,,  x- 


(5) 


The  connection  to  is  found  via  a  separation  of  b^^  x  Rayleigh  backscattering  part  b^)^  ^  and  bj,  p 

for  phytoplankton. 

We  get  for  the  phytoplankton  backscattering 


'pX~  ^  ’  (550nm/A,)^ 

2.3  -  0.(X)065  m  {550nm/X) 


(6) 


The  average  spectra  of  b^,  p  for  the  average  chlorophyll-a  densities  of  Figure  2  can  now  be  calculated  from 
Rx.  Using  the  known  values  Cg  we  further  get  a  relation  between  Cg  and  bp  p 


X  ~  ^  ^  i550nm/X)  + 


(7) 


+  0.00289  •  ■  {550nm  X  ^ 

a 
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where  the  exponent  p(Ca)  =  4.3  •  exp  (-  1.882  mg*’  •  Cg)  accounts  not  only  for  the  wavelength  depend¬ 
ence  of  phytoplankton  backscattering  but  also  its  change  with  pigment  density  Q  due  to  a  change  in  size 
distribution.  Equation  (7)  has  been  derived  by  a  non-linear  regression  analysis.  The  results  of  the  semi- 
empirical  approach  are  displayed  in  Figure  3  for  the  different  types  of  trophicity  of  sea-water.  A  compari¬ 
son  to  the  measurements  of  Pelvin  (1988)  shows  only  a  marginal  bias  for  of  +  0.6%  at  a  standard  devi¬ 
ation  of  13.7%  (see  also  Table  2  for  definition  of  errors  see  Appendix  2)  and  thus  demonstrates  the 
lobusmess  of  equations  (7)  and  (3)  if  used  to  calculate  near  surface  pigment  densities  from  reflectance 
spectra  just  below  the  sea  surface.  If  R^/Rsso  nm  Pa/Psso  nm  ratios  are  plotted  as  in  Figure  4  one  easily 

discovers  the  well-known  strong  dependency  of  the  ratio  Px/Psso  nm  o*"  Ra./*^550  nm  wavelengths 

X  <  490  nm  often  used  for  chlorophyll-a  mapping. 
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Table  2:  Seini>empirical  model:  Formulae  and  error  estimates. 


1.  Formulae 

R^(C^)  =0.37[6^j^(C„)/a^(C„)) 

Px(C.) 


4  0  48  P(C  ) 

\x  (C^)  =  0.00065  (550/im/>.)  +  0.00289C”  (550nm/?l)  " 

with 

P(Ca)  =  4.3  exp  (-  1.882  mg'^  Q) 


2.  Error  estimates  (see  also  Appendix  2)  if  formulae  are  applied  to  the  generating  data  set 

<£>=  +0.6%,  ag  =  ±13.7% 

<e>  ^  =  -0.34%,  =  -8.9%,  =  +  8.3% 


Also  the  scatter  diagram  of  pigment  density  Cg  in  Figure  S  as  well  as  the  related  histogram  of  the  pigment 
density  ratio  Q  (model)  /  Cg  (obs)  show  the  applicability  of  equations  (3)  and  (7)  for  60  strongly  different 
water  bodies. 

The  retrieval  of  Q  from  values  at  different  wavelengths,  if  based  on  equations  in  Ihble  2  and  using  a 
simple  reflectance  ratio  R^.  /Rx,  algorithm  as  given  in  Table  3,  shows  rather  low  errors  for  X]  =  440  and  X2 
=  550nm.  * 
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Table  3:  Algorithm  and  errors  of  estimation  of  chlorophyll  density  Q  from  reflectances  R  or  radiances 

p  using  the  semi-empirical  irKxlel  of  table  2  for  an  independent  data  set. 


1.  Alorithm 

l°8l0 

with 

-3  2  3 

[mgm  ]  =  +  ajlogjQjc  +  +  a^log^QX 

jc=  /?  (Xj) //?  (X,2)  or  jc=  p(Xj)/p(X2) 

2.  Coefficients  a|  for  different  x  =  R(Xj)/R  (SSOnm 

Xi  =  400  nm 

Xi  =  440  nm 

Xi  =  490  nm 

a© 

0.1028 

0.183 

0.324 

ai 

-  2.343 

-  2.636 

-  4.831 

82 

3.969 

4.333 

13.983 

a3 

-  3.502 

-4.228 

- 18.673 

X  =  p  (Xi)  /  p  (550  nm) 

a© 

0.0997 

0.184 

0.319 

ai 

-  2.397 

-  2.707 

-4.966 

4.236 

4.531 

14.38 

as 

-4.097 

-  4.781 

-20.00 

3.  Relative  errors 

Reflectances:  <£>  =  -  3%  ,  =  20% 

Radiances:  <£>  =  +  3%  ,  Og  =  28% 

For  definitions  see  Appendix  2. 

A  simpler  theoretical  model 


This  approach  uses  the  principle  of  invariance  for  semi-infinite  media  and  applies  it  to  marine  t^dcs. 
Additionally,  we  assume  that  the  scattering  function  can  be  approximated  by  replacing  the  forward  scatter¬ 
ing  peak  by  Dirac’s  delta  function  and  that  the  remaining  volume  scattering  function  is  isotropic.  There¬ 
fore,  the  scattering  coefficient  of  phytoplankton  bp  is  reduced  to  (Monin,  1983) 
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[mg/m®] 


Fig.  4:  Calculated  relationship  between  chlorophyll-a  density  and  ratio  of  reflected  irradiances  RjJ 
R550  nm  (A)  or  the  ratios  of  reflected  radiances  Px/Psso  nm  for  some  wavelengths  Xi  and  X2  = 
550  nm. 


b'p  =  6p(l-C0SYp)  (8) 


with  cosy  =  average  cosine  of  the  particle  volume  scattering  function  leading  to  a  changed  single  scatter¬ 
ing  albeoo  0)o  as  well  as  optical  depth  x 

z 

b'  =  b'p  +  ;  (0*^  =  b'/  {a  +  b')  ;  f  =  j  (a  +  b')  dz  (9) 

The  principle  of  invariance  (Ambarzumyian  et  al.,  1952)  allows  to  calculate  the  upwelling  radiance  Lu(p) 
just  below  the  surface  in  direction  p  =  cos  0  simply  from  incoming  solar  irradiance  E,,  s(z)  just  below  the 
surface  (z  =  0)  and  (o’o  via 

(0* 

L  (M)  (0)U  - ^ 

47C  o,  s  '  ' 

where  the  H-function  can  only  be  derived  from  an  integral  equation 


(10) 
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a, model 


10 


Fig.  5:  Relations  between  calculated  and  observed  near  surface  chlorophyll-a  density  Q,  (A)  and  the  his¬ 
togram  ofthe  ratio  (model)/Ca(obs).  a.w.uuuicras 


0 

by  iteration.  However,  the  average  value  of  H  is  simply 

1 

0  ^ 

ftom  equation  (10)  the  upwelling  inadiance  £^(0)  just  below  the  surface  can  be  calculated 
Accordingly,  the  downwelling  irradiance  at  z  =0  just  below  the  surface  is  given  by 
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leading  to  a  veiy  simple  relation  for  tne  relative  reflected  irradiance 


R  = 


(15) 


Even  this  formula  can  be  further  simplified  for  sea-water  because  (d’q  ^  0.4  and  H(p,  oo’o)  is  raflier  con¬ 
stant  for  ©’o  <  0.4  and  H(m,)  in  equation  (15)  may  be  replaced  by  H  of  equation  (12).  Then  R  of  marine 
waters  is  only  depending  on  ©’q. 


(16) 


Until  now  the  above  given  assumption  of  isotrophy  for  the  truncated  scattering  function  has  still  not  been 
used.  Using  it  now  gives  b|,  =  b’/2.  leading  to 


l{b./a) 

(O'  =  - - -  . 

^  1+2(V«) 


(17) 


For  equatimi  (16)  this  results  in  an  equation  which  has  been  derived  earlier  by  others  who  started  with  dif¬ 
ferent  assumptions: 


. .  |»  (y.) -ymy. 

b/a 

Equation  (18)  is  identical  to  results  of  Duntley  (1942),  Joseph  (1950)  and  Kozlyaninov  and  Pelevin  (1965), 
who  all  assumed  a  two-stream  radiative  transfer  equation.  If  we  neglect  the  simplification  which  led  to 
equatitm  (16)  but  use  equation  (18)  in  equation  (15)  we  nearly  find  Gordon’s  formula  which  was  derived 
fr^  Monte  Carlo  simulations  (see  also  Figure  6). 


This  paper:  /?  =  !-//  (p.^) 


jl+2(b/a) 


(19a) 


Gordon,  1991:  R  —  m{D  -!)•/?*  +  /?* 

o  ' 


(19b) 


with  R*  »  0.3244  (b^/a)  /  ( 1  +  b^/a) 
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Fig.  6;  Relative  reflected  irradiance  R  as  a  function  of  for  different  ratios  bt/a.  A  =  this  paper,  G  = 
computed  from  Eq.  (19b)  using  m  =  0.465  (Gordon  et  al.,  1975;  Gordon,  1991). 

Although  the  above  derivation  of  equation  (18)  uses  rather  stringent  assumptions  (simplifications)  it 
regains  well  established  formulae,  it  shows  that  R(Po,  bj/a)  is  not  depending  on  a  complicated  treatment  of 
the  scattering  function,  allowing  a  delta  function  truncation  and  isotropicity  for  the  rest. 

The  average  cosine  of  downwelling  irradiance  just  below  sea  surface  is  depending  on  solar  zenith  dis¬ 
tance,  atmospheric  aerosol  optical  depth  and  surface  roughness  (wind  speed).  We  have  calculated  p,,  Rmt 
various  parameter  combinations  and  some  are  displayed  in  Figure  7.  Po  varies  only  from  0.96  to  0.995  if 
the  Sun  is  in  the  zenith,  decreases  to  values  of  0.75  to  0.65  mainly  as  a  function  of  zenith  distances  of  the 
Sun  and  also  is  influenced  by  the  surface  roughness,  which  lowers  p^  generally.  However,  these  variations 
do  not  impact  strongly  on  the  result  of  the  theoretical  model  as  shown  by  the  step  from  equation  (15)  to 
(16). 


Since  in  many  cases  bi,  or  a  are  not  available  but  K^j  is,  we  also  derived  its  relation  to  b|^a  under  the  above 
assumptions.  The  result  also  agrees  with  Joseph  (1950)  as  well  as  Kozlyanihov  and  Pelevin  (1965)  and 
also  Prcisendorfer  (1976). 
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Q.6  Q.7  0.8  0.9  1.0 

^0 


Hg.  7:  The  computed  average  cosine  of  downwelling  radiance  just  below  the  sea  surface  for  three 
wavelengths  X  =  400,  S50  and  700  nm  and  for  four  different  surface  roughnesses  due  to  wind 
speeds  v  s  o,  5, 10  and  IS  nVs  as  a  function  of  solar  zenidi  angle  at  a  horizontal  visibility  *10 
km. 


=0) 


(20) 


withAT^  =  K/ia  +  b')  . 


If  we  use  again  H(po)  <•  H  equation  (20)  takes  the  very  simple  form  also  found  by  the  mentioned  authors 


(21) 
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Conclusion 


We  have  introduced  new  large  sets  of  observations  of  upweliing  radiances  or  irradiances  at  known  pigment 
concentration  into  earlier  semi-empirical  relations  between  phytoplankton  pigment  concentration  and  radi¬ 
ation  characteristics  of  sun-lit  open  ocean  waters.  Applying  the  revised  semi-empirical  approach  of  table  2 
to  other  data  (65  stations  in  the  Atlantic  from  the  Sargasso  Sea  to  Europe  for  oligotrophic  to  eutrophic  con¬ 
ditions)  we  get  a  systematic  error  of  only  -3%  in  pigment  concentration  for  reflectance  and  +3%  for 
reflected  radiance  measurements  at  standard  deviations  of  20  and  28%,  respectively.  There  seems  to  be  no 
need  for  regionalzed  algorithms  since  variations  at  a  distinct  site  are  as  large  as  those  between  distant  sites. 

In  order  to  get  a  simple  but  reliable  theoretical  expression  for  reflectance  R  as  a  function  of  inherent  optical 
properties  we  have  recovered  from  the  invariance  principle  of  semi-infinite  optical  media  together  with  a 
rough  scattering  function  approximation  (delta  function  for  forward  scattering  and  isotropic  scattering  for 
the  rest)  a  very  simple  but  rather  accurate  relation  (Figure  6)  between  the  diffuse  attenuation  coefficient, 
the  absorption  to  backscattering  ratio  a/bi,  and  reflectances  R.  For  the  relation  of  a/b),  to  pigment  density 
Ca,  however,  we  still  need  the  empirical  relations  in  table  2. 

For  remote  sensing  the  correction  of  the  atmospheric  masking  will  introduce  additional  errors  making  the 
above  tolerable  inaccuracy  possibly  unacceptable. 
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Appendix  1 


List  of  symbols 


b 

bb 

bbp 

P(Y) 

Pp(7) 

y 

cosy 

cosyp 

Ed(z) 

Eu(2) 

Eod(z) 

Eqs 

Eos(0) 

Kd(2) 

ue.  9,  z) 

lid*  Ly 

X 

4  =  cos0 
Ho(z) 

Mo  (2  =  0) 

R(z) 

R(z  =  0) 

P  (©,  <P) 

p  =  p  (0=180®) 

X 

t* 

®0 


Absorption  coefficient;  m'^ 

Scattering  coefficient; 

Backscattering  coefficient; 

Backscattering  coefficient  of  phytoplankton;  m*^ 

Particle  scattering  coefficient;  m'* 

Scattering  coefficient  of  water, 

Volume  scattering  function;  m*^  sr** 

Particle  volume  scattering  function;  m'  sr  * 

Scattering  angle 

Chorophyll-a-like  pigment  density;  mg  m'^ 

Average  cosine  of  p(T^ 

Average  cosine  of  Pp(T^ 

Downwelling  irradiance  at  depth  z;  W  m'^ 

Upwelling  irradiance  at  depth  z;  W  m'^ 

Downwelling  scalar  irradiance  at  depth  z;  W  m*^ 

Solar  constant;  W  m'^ 

Solar  constant  after  propagation  through  the  atmosphere  and  refraction  at  the  sea  sur¬ 
face;  W  m'^ 

Diffuse  attenuation  coefficient  derived  from  Ed(z)  at  depth  z;  m'^ 

Kd(z)  =  -dlnEd(z)/dz 

Radiance  in  direction  (0, 9)  at  depth  z;  W  m'^  sr*^ 

Downwelling  and  upwelling  radiance;  W  m'^  sr*^ 

Wavelength;  nm 

L(0,9)sL(p,9) 

Average  cosine  of  downwelling  radiance  at  depth  z;  Mo  =  Rd/Rod 
Average  cosine  of  downwelling  radiance  just  below  the  surface 
Relative  irradiance  reflected  at  depth  z;  R(z)  =  £u(z)/E()(z) 

Relative  reflected  irradiance  just  below  the  sea  surface 
Relative  reflected  radiance  just  below  the  surface 
9(0,9)  =  kL^(z=  0,0,9) /£^(z=  0) 

Relative  reflected  radiance  into  zenith-direction 

Horizontal  visibility  in  air  just  above  the  sea  surface 

Optical  depth;  x=  ( J  (a  +  6) )  dz 

Optical  depth  of  the  atmosphere 

Aerosol  optical  depth 

Rayleigh  optical  depth  of  the  atmosphere 

Solar  zenith  angle 

Single  scattering  albedo;  0)o  =  b/(a  -«■  b) 

Wind  speed;  m  s'* 

Depth;  m 
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Appendix  2 


Definition  of  errors  applied  in  the  present  study. 


F  =  the  physical  parameter 
Fobs  ~  observed  parameter 

FjQod  =  modelled  parameter 


Arithmetic  statistics 


standard 

deviation 


Logarithmic  statistics 


Range  of  variability 


^ax 


N  =  number  of  observations 

Ei  =  relative  error  =  (Fi^od  -  Fiobs)/Piobs*  i  =  L  ••••  N 

Eli  =  log  (Fjobs/Pimod)’  ^1  “  ^ 

<£>  =  ^e,-  /  N  =  mean  of  errors  Cj 

Og  =  { [  ]^  (Cj  -  <e>)^  ]  /  N}  =  standard  deviation 

<e>g  =  10®^  - 1=  geometric  mean  of  errors 

oi  =  f(X  U-ei)^]/N)‘« 
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ABSTRACT 

Development  of  water  quality  retrieval  algorithms  is  discussed  in  terms  of  causal  dependence  of  the  upwelling  spectral 
radiance  upon  the  water  composition.  Unlike  clean  marine/oceanic  waters  for  which  linear  regression  retrieval 
relationships  are  valid,  inland  and  coastal  zone  water  masses  with  high  degree  of  optical  complexity  necessitate  the 
development  of  non  parametric  retrieval  approaches.  At  the  basis  of  these  techniques  are  models  considering  the  optical 
competitiveness  of  several  co-existing  aquatic  components.  Such  models  for  Lakes  Ladoga  and  Ontario  are  described 
and  compared. 

Monte  Carlo  simulations  have  been  performed  to  analyse  the  spectral  and  angular  variations  of  the  upwelling  radiance 
scattered  by  the  water  column  out  into  the  atmosphere.  Analysis  of  optimal  conditions  for  running  remote  sounding  of 
natural  waters  of  various  optical  complexity  is  carried  out.  Relevant  recommendations  are  formulated. 

1.  INTRODUCTION 

The  topicality  of  the  water  quality  problem  is  mostly  due  nowadays  to  a  continuously  declining  ecological  state  of  inland  water 
basins  as  well  as  coastal  zones  of  seas  and  oceanic  gulfs  One  of  the  major  mainsprings  of  the  phenomenon  resides  in  the 
unprecedented  intensification  of  eutrophication  processes  in  the  above  categories  of  water  bodies;  their  natural  “ageing"  turns  out  to 
be  immensely  accelerated  because  of  extensive  anthropogenic  admissions  of  nutrients  (phosphorous  and  nitrogen  in  the  first  place). 
Fairly  often  these  processes  find  themselves  further  promoted  by  virture  of  water  temperature  increase  as  entailed  by  either  thomal 
industrial  inflows  or  anthropogenically  provoked  basin  shallowing  (as  a  result  of  enhanced  run-off  and  river  discharge).  A  substantial 
increase  in  water  turbidity  caused  by  increased  concentrations  in  suspended  and  dissolved  matter  is  liable  to  contribute  to  the  water 
temperature  increase.  All  these  factors  acting  concurrently  lead  to  a  rapid  transition  of  the  water  body  up  to  a  higher  tropic  level.  This 
transition,  in  its  turn,  entails  algae  bloom  events,  anoxia,  and  eventually,  a  drastic  deterioration  of  water  quality  parameters^. 

I 

It  is  noteworthy  that  the  above  outlined  causal  sequence  does  not  cease  at  this  level.  The  primary  production  growth  in  such  water 
bodies  tells  on  carbon  and  sulphur  cycles  thus  influencing  atmospheric  processes  directly  related  to  local  and  global  climate  { 
changes^. 

The  first  investigations  on  the  application  of  remote  sensing  in  the  visible  to  studying  natural  water  quality  go  back  to  60s  and  70s, 
and  were  primarily  intended  to  infer  algae  chlorophyll  concentrations  in  clear  and  optically  simple  marine  and  oceanic  waters  (i.e. 
waters  assigned,  according  to  the  Morel’s  classification  to  case  - 1  waters). 
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2.  SPECTRAL  FEATURES  OF  THE  UPWELLING  RADIANCE  RELEVANT  TO  NON  CASE  •  I  WATERS: 
IMPLICATIONS  FOR  DEVELOPING  REMOTELY  SENSED  DATA  RETRIEVAL  TECHNIQUES 


Model  calculations  of  the  upwelling  radiance  Bx  coming  out  from  below  the  water  surface  conducted  by  Bukata  et  al.  ^  have 
simulated  the  spectral  variations  of  Bx  in  dependence  of  naturally  occurring  combinations  of  optically  active  components  indigenous 
to  non  case-I  waters.  These  extensive  simulations  revealed  the  existence  of  two  spectral  regions  centred  at  Xj  and  Xj.  where  Bx 
appears  to  be,  respectively,  predominantly  controlled  by  and  almost  insensitive  to  the  presence  of  phytoplankton  provided  the 
concentrations  of  suspended  minerals  (Cs^)  and  dissolved  organic  matter  (C^om)  ^  marginal.  Under  these  conditions  the  value 
of  B  at  Xi  =  430-450  nm  (the  so  called  “chlorophyll  dip”)  decreases  continiously  but  not  linearly  with  increasing  phytoplankton 
concentration  due  to  the  enhancement  of  light  absorption  by  chlorophyll  (CHL)  molecules.  At  the  same  time  the  value  of  B  at  Aj= 
505  nm  (Csm.  Qom  ze*®)  or  at  Xj=  570  -  610  nm  (Qom  =  0;  0.1  <  Cgn,  <  0.5  g/m^)  rests  invariable,  i.e.  (3B/  dCghi)  x  =  Xj  “ 
This  finding  obviously  explains  the  feasibility  of  various  regression  relationships  relating  the  upwelling  radiance  B  (or  its 
derivatives)  at  one  or  several  wavelengdts  to  a  respective  CHL  concentration  in  case  - 1  waters. 

Nevertheless  as  soon  as  the  water  column  turns  out  to  be  enriched  with  SM  and/or  DOM,  the  spectral  distribution  of  the  radiance  Bx 
undergoes  dramatic  changes.  First  the  wavelength  Aj  at  which  (dBxj  /  dCchi )  =  0  no  longer  exists,  and,  second,  as  a  result  of  the 
DOM  absorption  in  the  short  portion  of  the  visible,  the  depth  of  the  CHL  dip  can  no  more  be  related  unambiguously  to  the  CHL 
loading.  The  same  conclusion  can  be  drawn  from  the  chromaticity  analysis  also  carried  out  by  Bukata  et  al.  with  increasing  Cs^ 
(Cdom  assumed  to  be  2.0  gC/m3),  the  dependence  of  the  chromaticity  co-ordinates  X,  Y,  and  Z  on  Cchi  becomes  much  less 
pronounced  (as  compared  to  case  •  I  waters),  and  when  Csm  >  5.0  g/m^,  all  the  three  cromaticity  co-ordinates  are  practically 
insensitive  to  changes  in  Cchi-  In  addition,  even  at  low  Csm  values,  the  sensitivity  of  cromaticity  co-ordinates  to  Cchi  variations 
weakens  when  Cchi  >  8-10  pg/m^.  The  inefficiency  of  the  chromaticity  approach  in  terms  of  remote  sensing  of  non  case  - 1  waters 
becomes  particularly  evident  when  Cdom  >  5  gC/m^:  the  practical  use  of  colorimetric  retrieval  algorithms  is  simply  inappropriate  in 
view  of  their  extremely  low  accuracy.  These  findings  convincingly  show  that  for  reliable  remote  sensing  of  inland  and  coastal  zone 
waters  (which  are  regularly  non  case  - 1  waters)  it  is  not  worthwhile  trying  to  adjust  the  regression  algorithms  to  the  multitude  of 
naturally  occurring  variations  in  the  optical  properties  of  water  bodies  in  question  as  far  as  the  conditions  of  existence  of  a  “pivotal” 
point  (dB/  dCchi  I  X  =  Xj  =  0)  in  the  upwelling  radiance  spectral  distribution  could  no  longer  be  met.  The  inappropriateness  of 
applying  oceanic  CHL-retrieval  algorithms  to  inland  waters  was  illustrated  for  Lake  Ladoga 

For  the  solution  of  this  problem  at  list  two  approaches  could  be  employed;  either  a  multivariate  optimisation  technique  or 
regularization  technique  (known  as  the  Levenberg  -  Marquardt  and  Tikhonov  -  Arsonin  techniques  respectively). 

The  Levenberg-Marquardt  (L  -  M)  finite  difference  algorithm  as  described  by  Bukata  et  al.  ^  systematically  determines  for  each 
wavelength  of  a  measured  subsurface  irradiance  reflectance  spectrum  (SJ  a  local  minimum  of  f(^)  if  a  suitable  initial  value  of  the 
starting  concentration  vector^o  given.  Here  f(?)  =  £,  g^j  (C)  =  Lj  (S|  -  R(0,  at,  Bbj,^)]^  /  R^(0,  aj,  Bbj.l?),  where^  =  (1,  Cchi, 
Cgm.  Cdom)>  is  the  value  of  the  theoretical  reflectance  (calculated  through  any  pertinent  parametrization),  and  a  and  Bb  are  bulk 
water  inherent  optical  properties  (absorption  and  backscattering  respectively). 

Since  bulk  water  inherent  optical  properties  display  additive  properties,  which  depend  upon  the  presence  of  all  scattering  and 
absorption  centers  within  the  water  column,  it  may  be  written  for  a  four-component  optical  system  (pure  water  (W),  CHL,  SM,  and 
DOM): 


a  (X)  ss  aw  +  Cgi^i  •  ag|,|  (X)  +  C^^  -  a^jjj  (X)  +  C^j^^  •  ajjpjjj  (X) 
b  (X)  =  b^  +  Cphi  •  bphi*  (>>)  +  Cjn,  •  b^^  (X), 

where  ai*  and  bj*  are  absorption  and  scattering  <'oefficients  for  a  unit  concentration  of  an  i-th  component  (the  so-called  cross  sections) 
(i  s  1-  4:  H2O,  Chi,  SM,  DOM).  Analogous  ^  if  ^ns  can  be  drawn  up  for  the  other  inherent  optical  characteristics. 
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Since  this  value  of  f(d)  may  not,  however,  be  the  smallest  achievable  over  the  valid  range  of^,  numerous  starting  concentration 
vectors^oj  could  be  chosen  to  permit  the  L-M  algorithm  determining  the  corresponding  minima  The^  associated  with  the 
minimum  fj  of  this  set  is  then  selected  as  the  appropriate  solution.  Nevertheless,  even  pursuing  this  procedure  there  is  no 
guarantee  that  any  particular  starting  point'^oj  result  in  the  algorithm  successfully  finding  any  minimum  for  f(^),  since  the 
algorithm  may  diverge.  In  addition,  a^  found  through  the  minimisation  of  f(^),  can  prove  to  be  physically  meaningless  (e.g. 
negative  concentrations).  To  obviate  such  difficulties  some  constrains  should  be  placed  on^  such  that  C  i  Ci  <  Q  nux  Bud 
transformation  from  the  constrained^  space  to  an  unconstrained  W  space  (-<»  <  Wi<  4oe)  must  be  effected  using  the  error  function 
relationship; 


Ci  =  Cj  +  (Ci  -  C  i  K1  +  erf(Wi))/2.  (2) 

The  Tikhonov  and  Arsonin  (T-A)  approach  as  described  by  Kondratyev  et  al.  ^  assumes  that  the  irradiance  reflectance; 


Rx  =  A^  i+  4x  .  (3) 

where  A  is  some  operator, is  the  concentration  vector  (as  before,  a  set  of  concentrations  of  optically  active  components  forming 
the  value  of  Rx),  ^  the  error  in  Rx  measurements.  It  is  shown  that  the  solution  of  the  above  equation  could  be  found  in  the 
following  way: 

At  *  (A‘  r>A  +  D-‘)->A  ‘I-‘  A  R.  (4) 

where  ARsR-Ro.A^  whereto  a  •  priori  given  value  of  the  concentration  vector  accounting  for  the 

optically  active  components  which  determine  the  value  of  Rx ;  Ro  the  value  of  irradiance  reflectance  at^  f^e  actually 

measured  value  of  irradiance  reflectance,  £'^  the  Rx  dispersion  matrix;  an  a-priori^i  dimrsion  matrix.  Sign  t  means  that 
the  matrix  is  a  transposed  one,  sign  -1  stands  for  denoting  an  inverse  matrix.  The  solution  for  C  can  be  found  making  use  of  the 
itetaction  procedure: 

(Ai  r‘Ai  +  D->)-«Ai«  Z-‘(S(0, 1 )  -  Ri(  0, 1)  +  Ai(i?i  -"^o).  (5) 

where,  accmding  to  the  previously  adopted  notations,^o  is  the  initial  value  of  the  concentration  vector^ ;  the  value  of  vector 
^  at  an  i-th  iteraction  step  calculated  with  the  application  of  a  chosen  parametrization  for  Rx;  Aj  the  variational  derivatives  (dR/  ^i) 
matrix;  £  the  R  (0,  A. )  dispersion  matrix;  D  the  a  •  priori^i  dispersion  matrix. 

Consequently  this  approach  consists  in  minimisation  in  the  course  of  iteraction  of  the  standard  deviation: 

6  -  1/n  (  R(0,  X  )2  -  (S(0,  X  )2  ]  ,  (6) 

which  eventually  plays  the  role  of  criterion  of  the  vector^  retrieval  precision. 


The  employment  of  both  retrieval  algorithms  imply  the  availability  of  an  adequate  optical  model,  i.e.  a  set  of  cross  sections  of  major 
optically  active  components  of  waters  liable  to  remote  sounding.  The  first  model  with  the  required  self-sufficiency  has  been 
elaborated  by  Bukata  et  al.  ^  for  Lake  Ontario  making  use  of  direct  in  situ  measurements  of  R(0,X)  and?  and  applying  the  same  L- 
M  algorithm.  But  this  time  the  least-squares  solution  was  found  through  minimising  over  vector  it  the  function 

f(5t)=  .£  gj2()t),  (7) 


996  /  Sf/f  Vol.  2250  Ocean  Optics  XII  (1994) 


where  -  (aw,  achi*,  »sm*f  Blv.  Bbchi*.  Bb^ni*.  0).  As  before,  the  appropriate  constrains  were  imposed  on3t: 

^i  min  ^  ^i  max’ 

and  the  algmithm  was  pomitted  to  qterate  in  W  space  according  to  the  error  function  transformation: 

Xi  =  Xj  +  (Xi  „„  -  Xj  ^„)(1  ^  erf(Wi))/2.  (9) 

The  resulting  least-squares  solution  for  it  is,  of  course,  applicable  only  to  the  specific  wavelength  of  the  Sj  used,  and  the  same 
procedure  must  be  repeated  substituting  the  &  corresponding  to  each  wavelength  at  which  3^  is  desired.  In  this  way  it  is  possible  to 
determine  the  entire  cross  section  spectrum  X(X). 

Fig.  1  ^  illustrates  cross  section  spectra  for  CHL,  SM  and  DOM  as  experimentally  determined  for  Lakes  Ladoga  and  Ontario  making 
use  of  the  M  -  L  multivariate  optimisation  technique,  and  concurrent  in  situ  measurements  of  subsurface  volume  reflectance  spectra 
and  concentrations  of  CHL,  SM,  and  DOM.  These  spectra  constitute  optical  water  quality  models  for  both  lakes  assuming  that  at 
any  instant  of  time  a  natural  water  mass  may  be  defined  as  a  homogeneous  combination  of  pure  water,  unique  suspended  mganic 
material  (represented  by  the  CHL-a  concentration),  unique  suspended  inorganic  material  (represented  by  die  SM  concentration),  and 
dissolved  mganic  material  (represented  by  DOM  concentration).  Obviously,  the  definitive  model  should  consider  the  cross  sections  of 
every  distinct  aquatic  component  present  in  natural  water  masses,  as  well  as  any  temporally-varying  characteristics  of  these 
components.  Such  a  model  is  clearly  unattainable.  Moreover,  since  the  water  mass  is  assumed  here  homogeneous,  the  current  model 
does  not  include  layering  efiects.  Also,  no  provision  is  incorporated  for  chemical  impurities.  Nevertheless,  the  actual  feasibility  of 
the  model  in  question  depends  on  the  relative  significance  of  optical  effects  caused  by  the  water  mass  properties  overlooked  by  the 
model  .The  degree  of  adequacy  of  the  optical  model  (which  in  genoul  seems  to  be  explicidy  time  and  location  dependant)  can  be 
assessed  through  extensive  field  retrieval  experiments  involving  shipbome  subsurface  volume  reflectance  spectra  measurements 
supplemented  by  the  collection  of  water  samples  to  determine  concentrations  of  CHL,  SM  and  DOM  for  validation  purposes. 

Applying  the  above  described  L  -  M  and  T  -  A  techniques  to  the  measured  subsurface  volume  reflectance  spectra,  and  using  the 
appropriate  optical  model  in  the  form  of  cross  sections,  it  is  possible  to  infer  the  sought  for  concentration  vector  C  ,  and  then  to 
compare  it  with  its  direcdy  (in  situ)  measured  countopart. 

The  results  of  these  retrieval  and  validation  studies  performed  in  Lake  Ladoga  are  shown  in  Fig.  2  It  can  be  clearly  seen  that  diere 
is  quite  a  gratifying  conformity  between  the  retrieved  and  measured  values  of  Ccm,  C,ni,  and  Cdom-  Since  these  retrieval  and 
validation  studies  have  been  reiterated  'n  midsummer  time  during  three  consecutive  years  invariably  giving  good  results,  the 
elabmated  tptical  model  seems  fairly  adequate,  though,  of  course,  it  is  open  to  further  improvements. 

3.  MODELLING  OF  RADIATIVE  AND  OPTICAL  CHARACTERISTICS  OF  THE  WATER  BODY  - 
ATMOSPHERE  SYSTEM  AS  A  WAY  TO  OPTIMISE  OF  THE  VISIBLE  REMOTE  SENSING  OF 

NATURAL  BASINS 

Extensive  numerical  experiments  have  been  carried  out  using  the  Monte-Carlo  (M-C)  technique  described  elsewhere  When  tunning 
M-C  simulations,  the  following  processes  were  taken  into  account:  photon  interactions  with  wind  -roughened  water  surface, 
absorption,  and  scattering  of  light  on  molecules  of  atmospheric  gases  and  on  aerosols,  as  well  as  on  water  molecules  and  hydrosols. 
Simulations  were  performed  by  way  of  designing  a  homogeneous  Markov  chain  of  photon  collisions  and  employing  a  local 
estimation  technique  A  cloudless  atmosphere  was  designed  using  scattering  and  absorption  coefficients  suggested  by  McCIatchey 
et  al.  Models  of  rural,  tropospheric  and  background  stratospheric  aerosols  were  related,  reqtectively,  to  layers  0  -  2, 2  - 10  and  10 
-  30  km.  The  vertically  integrated  optical  depth  of  such  an  atmosphere  proved  to  be  0.8, 0.S,  0.48, 0.45, 0.39, 0.29  at  wavelengtiis 
400,  500,  520,  550,  600,  and  800  nm  respectively.  The  optical  depths  of  the  first  (from  the  earth  surface)  10  -  km  layer  of  the 
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atmosphere  at  X  =  400,  600  and  800  nm  were,  respectively.  0.201, 0.129, 0.129, 0.102.  For  the  layers  mentioned  the  aerosol  phase 
functions  were  calculated  with  Mie  formulae  using  the  aerosol  size  distribution  given  in  McClatchey  et  al.  The  estimates  of 
refraction  indices  for  aerosol  particles  as  well  as  the  limits  of  variations  of  both  particle  sizes  and  their  refraction  indices  were  also 
taken  from  the  above  publication. 

The  water  basin  was  assumed  60  m  deep.  It  was  supposed  that  its  hydrooptical  properties  were  determined  by  pure  water, 
phytoplankton  (CHL),  SM  and  DOM.  The  water  column  was  subdivided’ into  several  layers  characterised  by  certain  vertical  profiles 
of  CHL  concentrations.  Loading  in  SM  and  IX)M  were  taken  vertically  invariable.  Calculations  were  based  on  the  spectral  cross 
sections  of  absorption  and  scattering  of  the  major  optically  active  components  (H^O,  CHL,  SM,  DOM)  obtained  by  us  for  Lake 
Ladoga  (see  above).  The  hydrosol  phase  functions  were  calculated  with  Mie  formulae  using  the  particle  size  distribution 
parametrization  derived  as  the  best  fit  to  the  available  experimental  data  on  Lake  Ladoga 

f(r)  =  3.09  10*  (q.oi  <  r  <  2  nm).  (10) 

The  optical  depth  of  the  modelled  water  basin,  depending  on  the  concentrations  of  CHL,  SM  and  DOM  representative  of  Lake 
Ladoga,  lay  within  the  ranges  180  <  T400  <  630;  36  <  tgoo  <  486;  30  <  Tgoo  <  360.  The  bottom  albedo  was  assumed  to  be  zero. 
The  water-atmosphere  interface  was  designed  as  an  array  of  elementary  facets  whose  normals  were  distributed  following  a  “truncated” 
Cox-Munk  parametrization  with  the  exponential  part  assumed  to  be  unity.  Therefore  the  elevations  of  facets  in  this  model  were  taken 
to  be  zero,  and  the  effect  of  foam  formations  was  left  out  of  account. 

The  following  notations  were  introduced;  Bx  is  the  spectral  radiance  scattered  by  water  column  out  in  the  atmosphere;  Ix  the  spectral 
radiance  upwelling  from  the  water  surface  (this  entity  comprises  the  Fresnel  reflection  component,  Bx,  and  the  contribution  of  the 
intervening  atmospheric  layer). 

When  analysing  the  sensitivity  of  Bx  and  Ix  to  the  vertical  distribution  of  CHL  concentration  in  the  water  body,  several  options  of 
CHL  profiles  have  been  tried  ,  whereas  concentrations  of  SM  and  DOM  were  kept  vertically  invariant.  Results  of  numerical 
experiments  (calculations  refer  to  the  situation  characterised  by  the  solar  zenith  angle  30*,  viewing  angle  0  =  0°,  azimuthal 
viewing  angle  9  =  0°,  the  altitude  of  observations  -  1  km,  zero  wind  speed;  the  spectral  region  4(X)  <  X  <  700  nm)  suggest  the 
following  conclusions.  Changes  of  radiance  Bxdue  to  the  Q-hl  vertical  inhomogeneity  do  not  exceed  10  -IS  %  (the  error  of 
simulations  is  estimated  at  S  -  10  %  ),  if  Ccm  varies  substantially  in  the  upper  and  middle  layers  of  the  water  column.  The  presence 
or  the  absence  of  the  Cci,|  maximum  in  the  lower  layers  affects  still  less  Bx-  The  effect  of  the  Ccm  profile  shape  on  lx  does  not 
exceed  several  per  cent. 

In  view  of  this  result  and  all  the  uncertainties  inevitably  accompanying  field  measurements  of  hydrooptical  parameters  and 
characteristics  of  the  radiation  field,  it  appears  only  reasonable  (at  least  for  typical  conditions  occurring  in  Lakes  Ladoga  and  Onega) 
to  only  consider  the  cases  with  homogeneous  vertical  profiles  of  Ccm.  and  Cg^m  >  when  simulating  the  radiance  field  in  the 
water  basin  -  atmosphere  system.  Therefore,  the  sensitivity  of  Bx  and  Ix  to  concentrations  of  principal  optically  active  components 
has  been  studied  for  the  above  stated  conditions. 

An  increase  in  front  zero  to  5  mg/1  results  in  a  sharp  increase  in  Bx  and  in  a  marked  growth  of  Ix  .  However,  a  further 
enhancement  of  Cchi  (up  to  10  -  13  pg/l ),  results  in  Bx  and  Ix  growth  rate  slowing  down,  so  that  at  some  stage  neither  Bx  nor  lx 
sensibly  response  to  further  loading  in  €,„)■ 

To  reveal  the  optimal  conditions  for  remote  sensing  of  water  basins  in  the  visible,  the  characteristics  of  the  radiance  field  were 
calculated  with  varying  viewing  angles  (0),  sun  zenith  angels  (fro)  and  wind  speeds  near  the  water  surface.  It  was  equally  assumed 
that  the  concentrations  of  CHL,  SM  and  DOM  were  respectively;  10  pg/1,  10  mg/1  and  2  mgC/1. 
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I 

I 

I 

I 

According  to  Insher  and  Grassel  ^  ^  the  radiance  Bx  of  the  light  emerging  from  beneath  the  water  surface  exhibits  but  a  very  weak 
azimuthal  dependence  in  case  of  clean  oceanic  waters.  Our  simulation  experiments  indicate  that  this  quasi-isotropy  is  no  longCT  valid 
in  inland  waters  heavily  laiden  with  CHL,  SM  and  DOM:  the  value  of  B  is  maximum  in  the  sun  direction  and  proves  to  be 
I  dependant  on  the  viewing  angle  d  unless  d  <  30°  and  <p  >  90°.  Itelevant  experimental  data  obtained  by  us  in  Lake  Ladoga  waters 
I  seem  to  substantiate  the  simulation  results. 

I 

Spectral  variations  of  radiance  B  in  meso-  and  eutrophic  inland  waters  under  calm  weather  conditions  (i.e.  V  =  0  m/s  )  is  shown  in 
I  Fig.  3  for  X  =  410,  500,  660  nm,  and  varying  both  sun  zenithal  and  nadir  viewing  angles  (do,d),  whereas  the  azimudial  viewing 

i  angle  (p  is  taken  to  be  zero.  The  graphs  offer  a  further  confirmation  to  the  earlier  findings  pointing  to  a  very  substantial  decrease  in  B 

I  in  the  short  wavelength  portion  of  the  visible  spectrum.  This  effect  proves  to  be  even  nu»e  pronounced  at  low  values  of  do  and  slant 

^  viewing  directions. 

I 

The  ratio  Px  -  (Bx  /  Ix  )  x  100%  was  taken  as  a  criterion  of  the  information  content  inferable  from  low-level  remote  sensing  data, 
since  it  gives  an  idea  about  the  share  of  the  radiance  B  contribution  to  the  net  radiance  signal  c^tured  by  the  remote  sensor.  Fig.  4 
shows  the  graphs  of  variability  of  P  (X  =  600  nm)  as  a  function  of  d  and  do  at  a  fixed  values  of  the  azimuthal  angle  (9  =0°),  the 
altitude  of  the  “observer”  (0.2  km  )  and  wind  speed  (S  m/s).  It  could  be  seen  that  the  curves  have  a  distinct  maximum,  whose  value 
and  position  (on  the  axis  of  sun  zenith  angles)  reveal  a  stable  trend  to,  respectively,  a  decrease  and  a  shift  to  small  viewing  angles  d 
with  an  increase  of  d  and  the  elevation  of  the  “observer”  over  the  sea  level  (the  effect  of  the  latter  parameter  is  not  shown  in  Fig.  4). 
It  can  be  seen  that  in  nadir  viewing,  optimal  conditions  for  remote  sounding  could  be  reached  at  do=  35°.  The  variations  of  the  ratio 
Px  depending  on  varying  azimuthal  angle  <p  were  also  simulated.  From  the  viewpoint  of  remote  sensing,  the  range  80-180°  seems  to 
be  the  most  favourable  range  of  azimuthal  angles.  In  fact,  this  range  is  sufficiently  isotropic  (which  appears  very  essential  in  terms 
of  routine  remote  sensing,  when  it  is  practically  impossible,  for  several  reasons,  to  strictly  maintain  the  needed  azimuthal  angle)  and 
is  characterised  by  maximum  possible  energetics  of  the  remotely  recorded  response  signal  (which  implies  the  maximum  signal  to 
noise  ratio). 

The  spectral  variations  of  the  ratio  P  (Fig.  5)  fmthfully  comply  with  the  run  of  the  Bx  curve  (Fig.  3)  progressively  growing  with  X. 
But  very  much  unlike  Bx,  the  ratio  Px,  while  increasing  with  the  wavelength,  sensibly  diminishes  at  slant  viewing  directions  and 
grows  with  declining  sun  elevations  over  the  horizon. 

Analysis  of  the  wind  effect  on  the  ratio  Px  shows  that  the  increase  in  the  wind  speed  V  inevitably  entails  a  decrease  of  the  ratio  P. 
With  growing  V,  the  optimal  conditions  of  sounding  could  be  reached  at  small  viewing  angles  and  high  sun  elevations  over  the 
horizon. 

The  above  results  of  M  -  C  numerical  simulations  are  strictly  speaking  only  pertinent  to  Lakes  Ladoga  and  Onega  hydrooptical 
conditions.  Nevertheless  they  are  believed  to  be  tqiplicable  to  a  mote  wide  variety  of  moderately  eutrophic  inland  waters  of  temperate 
latitudes.  These  results  clearly  indicate,  that,  when  sounding  waters  laiden  with  CHL,  SM  and  DOM,  the  highest  signal  -to-noise 
ratio  can  be  reached  at  X  s  550  nm.  The  inter  comparison  of  graphs  in  Fig.  3  and  Fig.  5  implicitly  indicate  that  the  optimal 
conditions  (in  terms  of  reasonable  levels  of  upwelling  energy  and  the  highest  signal-to-noise  ratios)  for  running  remote  sensing  of 
non  case  - 1  waters  could  be  achieved  at  mean  sun  zenith  angles  (about  35  -  40°)  and  near  vertical  viewing  angles,  whereas  the 
preferential  zone  of  azimuthal  viewing  angles  lies  in  the  range  80  -  280°. 
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4.  CONCLUSIONS 

The  analysis  of  the  present  state  of  the  issue  concerning  the  optical  remote  sensing  of  natural  water  bodies  points  to  a  necessity  of 
deriving  more  flexible  and  versatile  approaches  to  the  solution  of  this  problem.  These  approaches  are  liable  to  be  responsive  to 
specific  hydrooptical  properties  of  target  basins.  Rigid  legiession  relationships  relating  the  concentration  of  a  sought  for  constituent 
to  the  ratio  of  water  surface  radiances  at  two  or  more  wavelengths  prove  to  be  reliable  if  applied  to  clean  off-shore  oceanic/marine 
waters  (Case  - 1  waters).  Hydrooptically  more  complex  waters  of  coastal  zones  as  well  as  inland  water  bodies  necessitate  the 
application  of  non-parametric  techniques  capable  of  a  mote  adaptable  solution  of  inverse  problems.  The  realisation  of  such 
approaches  implies  the  existence  of  hydrooptical  models  of  target  basins  in  the  form  of  tabulated  spectral  values  of  absorption  and 
backscattering  cross  sections  for  a  set  of  principal  optically  active  components  of  natural  waters.  Such  models  are  already 
successfully  elaborated  for  North  American  and  European  Great  Lakes.  The  optical  water  models  currently  in  use  in  bodi  lake  regions 
assume  that  at  any  instant  of  time  a  natural  water  mass  may  be  defined  as  a  homogeneous  combination  of  pure  water,  unique 
suspended  organic  material  (represented  by  the  chlorophyll  -a  concentration),  unique  suspended  inorganic  material  (rqnesented  by  the 
suspended  mineral  concentration),  and  dissolved  organic  carbon  concentration.  Obviously,  the  definite  model  should  consider  the 
cross  sections  of  every  distinct  aquatic  component  present  in  natural  water  masses  as  well  as  any  temporally-varying  characteristics 
of  these  components.  Such  a  model  is  clearly  unattainable.  However,  an  extension  to  a  reasonable  number  of  additional  components 
would  certainly  appear  to  be  possible. 

Mathematical  modelling  clearly  indicate  that  both  the  spectral  region  and  the  sun  illumination  and  viewing  geometries  are  of 
paramount  importance  for  a  successful  remote  monitoring.  Since  these  parameters  ate  dqwndent  on  the  composition  of  natural  waters 
(i.e.  state  of  eutrophication  and  general  pollution),  the  performance  of  airborne  monitoring  should  be  invariably  proceeded  by  a 
thorough  analysis  of  actual  hydrooptical  situation  in  the  water  body  to  be  surveyed. 
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Figure  I.  Graphical  comparison  of  hydrooptical  models  sugge^  for  Lakes  Ladoga  (1)  and  Ontario  (2): 
a,  b,  c  -retrieved  absorption  cross  sections  respectively  for  CHL-  a,  SM ,  and  DOM 
d,  e  -retrieved  backscattering  cross  sections  respectivdy  for  CHL  and  SM. 


i  ^  j  t  »  '"(u  ts  uo  *js  tf  9  i  -4  n  a  H 


Figure  2.  Directly  sampled  and  predicted  by  the  use  of  the  optkal  water  quality  model  concentratioas  of  CHL  (a),  SM  (bX 
and  D(^  (c)  in  Lake  Ladoga. 
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Hgure  3.  Variadons  of  radiance  B  against  the  solar  zmith  angle  do  when 
viewing  angles  are  0°  (1),  18°  (2),  32°  (3)  and  60°  (4),  and  die  azimuthal 
angle  9  is  equal  to  90°. 

A  -  X  s  5$0  mn,  B  -  X  s  SOO  lun,  C-  X  «  410  nm. 

The  water  surdne  is  assumed  perfecdy  calm  (V  »  0  ta/i ). 

Cchi  ®  5.6  iig/1,  C,m  ®  1  mg/1,  Cjom  “  8.5  mgC/l. 

The  curves  (in’ X  a610  nm  almost  coincide  with  curves  labelled  B,  and 
therefote  are  left  out  of  the  picture. 
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Hguie  4.  Sensitivity  of  tbe  ratio  P  (X  =  600  nm),  in  %, 
to  variations  of  die  sun  zenith  angle  ‘do  wiA  viewing 
angles  d  equal  to  0“  (1),  \QP  (2X  20“  (3),  40*  (4),  60*  (5) 
and  <p  s  0“;  V  s  S  m/s.  Tbe  hn^t  of  the  remote  sensor 
over  die  wato'  surface  H  -  0.2  km;  Ccu  -  10  Mg/l; 
Cgin=  10  mg/1;  CdQin  ®  2  mgC/I. 


Figure  5.  Angular  variations  of  tbe  ratio  P  at  X  «  410,  500, 560, 
and  660  nm  and  nadir  viewing  angles  0“  (1),  18“  (2),  32“  (3),  60“ 
(4).  The  azimuthal  viewing  angle  was  taken  to  be  90“. 

The  state  of  the  water  surface  and  the  composition  of  the  water 
column  «e  assumed  tbe  same  as  in  Figure  3. 
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